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Design Considerations and Implementation of an Electromechanical Battery System

Abstract:

This thesis covers the design and implementation of a low cost electromechanical battery using an
outside rotor permanent magnet Halbach array with hybrid magnetic bearings and heat pipe cooling.
The theoretical calculations include finite element analysis. A dipole Halbach array produces a
uniform flux distribution inside the cylindrical stator, where straight windings on an iron-less stator

are placed near the inner boundary.

Special emphasis is placed on implementing the Halbach array, using even and odd numbers of
magnet segments. The aim was to establish a generic formula for the orientation of magnets in

dipole- and multi pole arrays, using standard rectangular or square shape magnets.

The position of the windings inside this field does not affect the efficiency of the machine, as the
flux distribution is homogeneous in the entire airspace. When the motor is operated continuously,

these variations become insignificant.

The motor is suspended on a hybrid magnetic bearing without active control. Two radial repelling
magnetic bearings are used in combination with an axial journal bearing, like a spinning top with
the precession limited by radial magnetic bearings. The theoretical values were found to be

consistent to those measured on a working model.

A high speed, ultimate energy density shape composite flywheel, which incorporates the electric
machine and hybrid magnetic bearing was chosen. It is to be operated in a vacuum or partial
vacuum, where the machine / bearing system approaches efficiencies in the upper 90s. One model,

using an approximated Halbach array motor model showed an electrical to mechanical efficiency of
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97%, disregarding mechanical losses. The ultimate shape model was designed to run at speeds up to
90000 rpm with a capacity of 300W-h.

The practical difficulties experienced with prototyping the laboratory model are discussed,
manufacturing, as well as assembly difficulties operating problems with the flywheel are noted and

solutions proposed.

International papers published were in "High-speed, low-cost flywheels for energy storage in

sustainable power systems with distributed generation" IEEE PES (2001), [1] "High speed PM

motor with hybrid magnetic bearing for kinetic energy storage” IEEE IAS (2001) [2].
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List of symbols

a;; = fibre orientation factor to respect the reference system 123.
ap,; = fibre orientation factor to respect the reference system 123.
c. = Specific heat enclosure.
¢; = Specific heat flywheel debris.
d = diameter, fibre diameter. [m]
e, e(k,w) = normalized specific kinetic energy.
k = normalized speed.
my= mass of flywheel debris. [kg]
m, = enclosure mass. [kg]
n = Speed. [RPM]
g = gravitational constant of 9.81. [m/s?]
i = current. [A]
I, = critical length.
r = radius. [m]
ry = inner radius. [m]
ry=outer radius. [m]
1 = time. {s]
ty = time to decelerate. [s]
y = thickness of section. [m]
A = Area. [m?]
A, = characteristic area for shear. [m’]
B = Magnetic Flux, resultant flux density. [T]
By = Bond number.
B, = remanence of the rare earth magnet. [T]

Cp = Coefficient of pressure.
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C; = Skin friction coefficient.

D = Diameter of cylinder. [m]

E = Induced machine electromotive force [V], Voltage [V], Young's modulus[GPa], Specific
energy. [J/kg]

Ep = Specific energy of disk. [J/kg]

E11y = Young's modulus. [GPa]

E};, E;; = Modulus of elasticity with respect to the reference system 123. [GPa]
F = Force. [N]

F, = normal force. [N]

F. = correcting force. [N]

F, = Force per unit length at circumference of the disk. [N/m]}

G = Shear Modulus. [GPa]

Fp = Drag Coefficient.

Fp = Pressure drag.

F; = Skin friction drag.

I = Winding Current {A], Mass Moment of Inertia.

K = machine constant.

Ky = Kutateladze number.

L = length of conductor. [m]

M = number of Magnet segments.

N = Number of poles, Number of turns, rotational speed. [RPM]
Py = Frictional power loss. [W]

() = Heat transfer rate. [W]

R = Resistance[Ohm], radius. [m]

ZR = Sum of thermal resistances.

R,; = Thermal resistance of Condensing Acetone to Stainless steel.
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.» = Thermal resistance of Copper to resin.
R, = Reynolds Number.
R,, = Thermal resistance of Composite to boiling Acetone.
R,, = Thermal resistance of Resin to Glass fibre/epoxy composite.
R, = Thermal resistance of Stainless steel to air.
Sx(R) = Radial stress at radius R [MPa]
S+ R) = tangential stress at radius R, [MPa]
Suax = Tensile strength. [MPa]
T = Torque, Frictional torque. [Nm]
T, = Sink side temperature. [degrees C, K}
T, = decelerating torque. [Nm]
T, = hot end temperature. [degrees C, K]
V = the surface speed, Velocity of fluid over a body [m/s]
Vp = tip velocity of the ring or disk [m/s]
V; = Volume fraction of fibres [0 £ Vi< 1].
V; = Induced Voltage [V]
V, = Volume liquid [m*]
V. = Volume column [m’]
V... = RMS Line to Line Voltage [V]
V. = RMS Phase voltage [V]
W = Kinetic energy in Joules
W) = function defining the disk thickness at radius R [m]
X = circumference of the Flywheel [m], distance from edge [m]
Z = plane of rotation
2R, = disk diameter {m]

& = angle of rotation from the normal (Figure 2.2)
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¢ = angle from the start angle [rad, degrees]
& L off the centre, the point of contact will be at
d L + 0| from the centre and normal to the arc R:
n} = Machine efficiency
J = Coefficient of friction, dynamic viscosity [N.s/m’]
v = Poisson's ratio
@ = angular velocity [s"]
¢ = rotation angle [rad, degrees]
p= density [kg/m’]
= density, liquid [kg/m’}
p, = density, vapour [kg/m’]
o = Surface tension, [N/m]
o . = Ultimate tensile stress [MPa]
O ¢ = tensile stress of fibres [MPa]
O o = tensile stress of matrix [Mpa]
o v = Ultimate axial stress [Mpa]
Tm = Shear Stress on matrix
6 = displacement angle [rad]
y = Fill charge ratio [%]
AQ = Change in thermal energy in flywheel debris and enclosure
Ao, =Change in radial stress
Ao, = Change in hoop stress
Ay = Change to thickness of adjacent section
9= angle to rotate the magnetization direction
& = Flux density

I' = Material density [kg/m3]
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Table of Acronyms
AC............ Altenating current
ADC.......... Analog to Digital Converter
BIT.......... Binary Digit
CAD........ Computer Aided Design
COTS ......... Commercial off-the-shelf
CC.......... Carbon-Carbon
DC............ Direct current
DC-DC........ Direct Current to Direct current
DC-AC........ Direct Current to Alternating Current
FET.......... Field Effect Transistor
IC............ Integrated Circuit
IGBT.......... Insulated Gate Bipolar Transistor
I0............ Input/Output
R............ Infra Red
LED.......... Light Emmiting Diode
LSB......... Least Significant Bits
MMF......... Magneto Motive Force
MOSFET ....... Metal Oxide Field Effect Transistor
PM........... Permanent Magnet
RMS.......... Root Mean Square
RPM......... Revolutions per Minute
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1 Introduction

1.1 General

The electricity requirements in developing countries are unlike those in the developed world, and
special consideration in terms of availability, location, source, storage and cost are needed. This
study focuses on the application of kinetic storage, especially tailored for “island” type applications,
for example a small town which is not connected to an electric grid and depends on renewable

€nergy sources.

The availability of high strength fibre composites, low cost rare earth magnets, micro-electronics,
modern design tools and computational abilities make it possible to produce Finala durable, non-
polluting, non-toxic and cost effective kinetic battery. Kinetic batteries have an exceptionally good
turnaround efficiency and are especially well suited for deep and frequent discharges, without the
destructive effects suffered by chemical batteries. This makes them particularly attractive to be used
with renewable energy sources that are intermittent in nature, where high and deep battery cycling is
anticipated. The initial higher cost of kinetic energy storage can be offset by their improved

efficiencies and longer life expectancy.

The problems posed by chemical batteries commonly used in rural electrification include their poor
efficiencies, comparatively short life, environmental and toxicity factors. Consequently, this
requires special handling, maintenance, storage and disposal procedures as well as frequent
replacements. In a developing country, cost alone will cause consumers to push the limits in terms
of size and usable life. Inadequate maintenance and the expense of proper disposal results in

batteries being dumped inappropriately.

Poor battery efficiencies necessitates the use of larger, and thus more expensive solar panel arrays
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than would be necessary if used with more efficient storage methods. The main constituents of lead
acid batteries, lead and sulfuric acid, are both highly toxic and considered environmentally unsafe,
yet it is widely used in rural Africa. These batteries are especially sensitive to high and deep

discharges, often shortening and sometimes terminating, their ability to function.

Kinetic batteries come at a much higher initial capital layout, but outperform lead acid batteries in
efficiency, reliability, life expectancy, suitability for frequent and deep discharging as well as being
chemically inert. This thesis describes an investigation of optimally designing such a flywheel with

locally available materials and manufacturing capabilities to suit a rural African application.

The use of these higher cost, sophisticated, yet durable devices are to be weighed against the high
cost of solar power, inefficiencies of chemical storage, their comparatively short useful service life
and their negative environmental impact. The medium to high volume manufacturing costs has to be

tailored to what is feasible as well as what is available in rural Africa.

At the time of this writing, multi-rim filament wound and metal-filament wound designs are being
used in all commercial composite flywheel designs. In this design an ultimate shape, one-piece,
short fibre, composite flywheel is proposed. It is simple to manufacture and yields a flywheel
almost double the specific energy of current commercial ones. This reduces the flywheel material

cost by almost half.

The service life of kinetic batteries are expected to be in the order of fifteen years, after which the
power electronics may need replacement. Using composite materials brings the overall weight and
cost down and have fatigue endurances up to 100 - 200 thousand stress cycles according to S.

Salekeen and D.L. Jones
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Ficure 1.1: PenTADYNE LIFE CYCLE COSTS COMPARISON BETWEEN LEAD ACID AnD FLYyWHEEL BATTERIES

Shown in Figure 1.1 is a graph from Pentadyne showing how the cost of 189kW flywheel storage

compares to that of a similar sized lead-acid battery bank.

1.2 Literature Survey

S.A. Michela,R. Kieselbacha, H.J. Martens did not find a fatigue strength per se, but a general trend
in fatigue strength reduction exists above 5 x 10° cycles in carbon composites with tests to 10°
cycles. Similar fatigue limit value results were obtained by S.M. Arnolda, A.F. Saleeb, N.R. Al-
Zoubi

Using a vacuum or a low pressure helium atmosphere, for the high rotational speeds of composite
flywheels, imposes a further challenge to remove the heat generated in the armature windings of the
permanent magnet machine. The electrical resistive generated heat cannot be conducted out due to

the heat insulating nature of the non magnetic armature. The resulting heat and radiation will heat
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up the permanent magnets beyond their operational temperatures.

The use of a heat pipe is proposed to overcome this constraint, which at the time of this writing has
not yet been implemented in kinetic energy storage.

The flywheel is to be suspended on a hybrid passive magnetic bearing system, based on the work of
J.D. Stienmeyer, S.C. Thielman and B.C. Fabien which has a service life determined only by the

wear characteristics of the synthetic gemstones used in the contact type axial bearing.

In case of material fracture, composite materials absorb almost all the energy in the fracture process,
resulting in hot cotton wool and dust like debris. This property makes composite flywheels
inherently safe, but a thorough numerical analysis of composite fracture behavior is required to

confirm the theoretical model of composite fracture mechanics.

An overall efficiency of approximately 90 percent is estimated. This is still considerably higher than
the 70 percent or less of lead acid batteries. The estimated efficiency is based on lower quality
vacuum and converters, in order to stay within what is possible in rural applications, which results

in higher losses.

1.3 Contributions

This thesis covers a manufacturable permanent flywheel system. a Halbach array permanent magnet
machine is integrated into a flywheel, optimised for maximally utilising composite materials. This
in effect minimizes the manufacturing cost and weight of the flywheel. The Halbach array has been
extended to use, commercially off the shelf, odd numbers of magnets as well as multi-pole arrays,
using fractional numbers of magnets per pole. Both radial and axial machine applications are

evaluated.
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The system combines the use of heat pipe technology for cooling across the low pressure barrier,

required by the high surface speeds of flywheels. A DC-DC converter is an essential part of the

design, to compensate for the low inductance of the stator. The brush-less DC motor drive

implementation is directly usable for such applications.

This work presents and applies a large number of alternative technologies into a working flywheel

system and is a valuable contribution for both theoretical reference and industry applications.

1.4 Objectives

The objectives of this thesis are:

To examine current flywheel manufacturing techniques and methods to assess the
applicability of these technologies to developing countries.

To investigate and propose a new way to design and manufacture composite flywheels
inexpensively.

To evaluate and introduce a generalized methodology to design dipole and multi pole
outside rotor Halbach arrays from standard shape magnets.

To identify the requirements and problems with the introduction of heat pipe technology in
the cooling of the machine windings inside a vacuum or partial vacuum.

To design and build a low cost system in order to demonstrate the feasibility of such a

flywhee! for rural African applications.
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2 Chapter 2 - Magnetic Design

2.1 Introduction

The use of Halbach arrays in high efficiency machine applications was introduced by the Lawrence-
Livermore Corporation, using a dipole form of the original Halbach array. The dipole is extremely

well suited for flywheel applications, as it has a uniform flux distribution inside the rotor.

The author has deviated from the circular segment approach as part of a development of a low cost
unit and replaced the segments with, "off the shelf”, rectangular magnets and expanded on the four

magnet model used by B.P. Hills, K.M. Wright and D.G. Gillies.

The empirical formulas for the magnet orientation in the dipole and multi pole arrays are the result
of original work performed by the author, using the finite element method and comparing it with
real models. As shown in the simulation results below, it can be seen that the resulting flux lines are

still of very high quality and consistent with the work of K. Halbach

&
sLe

Ficure 2.1: MAGNETIZATION ORIENTATIONS FOR AN 8, 12 anp 16 secomeNT HALBACH DIPOLE

In order to use "off the shelf” magnets, one may be constrained by the fact that, in practice, even
numbers of magnets are used in Halbach arrays, including the four magnet model of B.P. Hills,

K.M. Wright and D.G. Gillies and structures shown by JM.D. Coey. In situations when odd
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numbers of magnets can be used, it would greatly improve the flexibility of the array design,
thereby obtaining the maximum possible magnet density, and the maximum possible flux for any

size desired, using standard shape magnets.

It was determined that in deviating from the circular segment approach, as part of a development of
a low cost unit, the segments can be replaced with, commercial off the shelf (COFS), rectangular
magnets. The B.P. Hills, K.M. Wright and D.G. Gillies four magnet model was expanded upon
where it was determined that even and odd numbers of segments are not just usable, but yields

Hallbach dipoles with parallel flux lines similar to the segmented approach.

The empirical formulas for the magnet orientation in the dipole and multi pole arrays are the result
of original work performed by the author, using the finite element method and comparing it with
real models. As shown in this chapter, it can be seen that the resulting flux lines are still highly

parallel and consistent with the work of K. Halbach.

The equations to describe the machine is derived from first principles. These are used to design the

desired machine and some practical examples are given.

2.2 Halbach Array Design

The objectives are:
® To prove that it is possible to deviate from the traditional, even numbered, segmented
approach, using “off the shelf” magnets to create a high quality Halbach array, maximizing
the magnet density for the given design and therefore the field strength for a given size

® To verify that the quality of the flux densities are consistent with theory.

26/11/07 24/153



djohnson

2.3 The Segmented Halbach Array

K. Halbach describes the [Tux density inside a circnlar dipole aray with equation 2.1

; (er)
sin| —
M
i Gt

f in

M

B=8 In

where:

A = resultant flux density

8, = remanence of the rare earth magnet
r; = inner radius

re=0uter radius

M = number of sepments used.

It is possible to design and implement Halbach arrays, with uniform finx distribunions, by using

standard shape magnets instead of the segmented approach. This

, 4
: . , . -~ [k
work is an expansion of the work of Dr. Halbach with the votation - 7 xﬁﬁ,\
AT ey
angle uf the magnets given by 2.2; { : /‘“,-1 T
[ s "N |
II| ."\ .-'rl !
Y = e ¢
# ‘\ B
G2 (2.2} .

whers,

Frome 2.2 Rorarion AxGLE OF MAGNETS
¢ = rotation angle of the magnetization direction and
¢ = angle of motation from the starting position, measured radially outwards from the centre (Fipute

223

Applying this rule 10 varying numbers of segments the results. shown in Figure 2.3, werg obtained

by means of finitc element analysis. The results in 5 degree increments are shown in Appendix L
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Frone 2.3: FEA Rescers For Hapwacn Dieovks W 9, 10 Axo 11-Seonenis

Equation 2.2 cant be used to predict the angles of different numbers of segments for the Halbach
dipole. Mustrated in Figure 2.3 are examples of the finite clement qu wiiich was done for M =
3- up 0 13 segmeats. Tt is observable that o negating cifcct cxists tor M = 5 and higher, on the

oulside the arrays. Furthermore, as M increases, the flux lines become more parallel.

Fisuke 2.4: FEA Resuts o 12 SayENT Havsacon Arsayy Wirn 10, 20 Avi 30 Decrer Orrsers.

When Lhe seement magnetization is offset by an angle, the resulting flux is still of the same quality,
Shown in Figure 2.4 are the results of @ 12-segment Halbach armay, with angles offser trom the
starting position. The starting angle was rotated in increments of 3 degrecs and the results noted. At
Hun -un__gle af 90 dcg_m:s, the resulting problem is the same as the original, tuirned rhruugh O degrees,
JU [0 SYmmetry.

Adding a rotation ungle, g the scarting position, to equation 2.2 gives the more generalized form:
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h=2 [+ 5) (2.3
where:
¢ = angle at the starting position
¢ = rotation angle of the magnctization dircetion and

a = angle of rotation from the stuning position {refer to Figure 2.2)

While this efiect ts of litle practical value for dircet implementation, it docs show that [or magnets,
coming from the same magnetizing oven and thus similar devration trom the normal, the effect on

the Linal Halbach array only results 10 a slight shifi in the direction of the flux lines,

2.4 Halbach dipole using rectangular magnels

With the use of rectangular magncts, the ctfect of different pumbers of "segments” were studied
using the {inne clement method. The resulling tluses were found to be of similar gquality to that of
circular scgments. but slightly reduced, This is due to the reduced amount of magnelic material

when using rectanguiar magnets instead of circular segments,

The magnetic remancnee in cguation 2.1 has (o be replaced by the elfective remanence, which is
proportion:l 10 the rativ of the rectangular area to the area of the segment that the rectangular

magnect replaces.

Fwure L.5; FEA Besouts Or Havkson Arrays Wimn 9. 10 Axp 1] BecTascriar MAcRETS
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Shown in Figure 2.5 are examples of [inile element resulls of 3- o 11-sepment Halbach dipoles
using rectangular magnets. ¢ Evalualing the results it b5 clear that the rectangulur sepmented
approwch still gives reasonable results, in accordance with the modification w the theory of K.

Hathach,

Forthermore, using odd numbers of magnels has litle ¢ffect on the oniforinity of the ficld inside the
array. except that for higher b the lines are closer W parallel. A nine segment array, for cxample.
produces flux Jines that better approximales truly paralic] lincs than an cight magnet array, a ten
magnet arvay approximates ruly puerallel lines betier than a mne magnet array eic, The magnets can
also be stacked to increase the ralio of magnetic 10 non-imagnetic marerial tn an array. One such

arrgngement was used for the prototype. shown in Figure 2.6,

Frciwe 2060 HagacH akiay 04T prock pROTOTYPE L SEGMEVTS, 22 RECTANGLLAR MAGRITS

From these results it is concluded that odd numbers of rectangolir magnets will result in adequate
guality magnetic fields for use in mgh efficiency machines. The Finite element results are shown in

Appendix L.
2.5 Multi pole arrays

K. Halbach also described the method involving multi pole arrays. This was investigated using the
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finite element imethod to determine whether the use of odd numbers of discrete magnets will still
prove true far the theory. The analysis was taken one step turther and fractional munbers of magnets
per pole pair, ie. fewer magnet- than pole pairs, were attempted. This in itself is, of course, not
possible for a dipole due to the geometrical limitation. In arder to determine the magnetization

angles, an empirical formula was derived.

For the dipole, the magnetization angle was taken through one full rotation from one pole to the
next. The logical sequence for a muli pole array would be to have the poles pointing radially from
and tor the centre in alternating fashion,

360 degrees rotation for 2 poles, i.e. 2 times the angle off the siurling pasition,

270 degrees rolation for 4 poles, i.e. 3 times the angle off the starting position,

240 degrees rotation for & poles. i.e. 4 times the angle off the starling position,

225 degrecs rotation for 8 poles, t.e. 5 imes the anple off the sturting positon.

216 degrees rotation for 10 poles, i.c. 6 times the angle off the starting pesition and so forth.

Therefore the angle of rotation of the magnetization direction is:

180+220 2l
9=—-—E degrees= P radians (2.4)
N N

N = Nunber of poles.

I = angle to rotate the magnetization direction

Ficnnr 2.7: FEA Resvnts oF & 20-8gcMenT QuanruroLE avD a 36-SEchENT, 6-PoLr HarnacH Array
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This sequence was simulated on muiti pole arrays and the mesults are shown in Figure 2.7 and

Figure 2.8.

Ficuxe 2.8: FEA Resuits OF A 36-SecaEnT B-PoLe avp 4 36-SecMenT 10-PoLe HaLgacH ARRAY

Note how the central area inside the array is ptactically free of magnetic Aux lines and increases in
diameter with increased number of poles for the same physical geometry, This attribute can be put
to use where the mechanical properties and thermal properties of metallic materials are reguired.

The finite element models and results are shown in Appendix L

2.6 Stacked Dipole Prototype Design

Several prototypes wete constructed to verify the dipele theoretical calculations and fimite element

analysis.

By doubling up standard rectangujar

magnets, a higher magnet solidity, ie

the magnetic- v.5 structral  material
ratio, is acquired. This resulted in a

higher effective magnetic flux mside

the Halbach artay.

Ficure 2.9: FEA RESULT OF 4 5TACKED 12 SEGMENT HALBACH DIPOLE

The configuration chosen to fit the specific design is shown in Figure 2.9,
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Equation 2.2 was used to calculate the orientations of the magnets tor the dipoles, shown in Figure

2.10, and was laser cut from non-miagtetic, grade 316, Stainless steel.

Figuwes 2,10: 7,9, 11 anee 13 Secment Havunacn Dieove prores

The resulting ficld strengths were calculated by means of a spreadsheet. A finile element analysis of
the Halbach arrays was done and Gauss meter used to measure the resulting flux in the Halbach
constructed dipoles. As seen in the comparative table 2.1 below, the theoretical, finile element result

and acrual measured values were found to be consistent. The picture in shows a actual Gauss test

being performed.
r & U M 8, B
30 5 | 8 094 0434
25 56 | 7 106 07382
M 855 | g 1.08 06535

Tanek 2.1 : Cavcvcaten Steencris For 7,9, 11 Ane 13 Maoser Dawvorys

The resulls of all the FEA studies done are listed in Appendix L
2.7 Halbach machine Design

The objective is 1 determine the equations for the brushless Halbach machine from first principles
and rewrilten in terms of 4 DC machine equation. The machine can be single or poly phase,

determined by physical and economical constraints,
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Consider a set of three phase coils consisting of copper windings wound ontoe a non-magnetic, non
conductive, core, With the permanent magnetic field rotating, large eddy currents will be generated

in any magnetic and conductive circuits in the vicinily of the field.

Having a cenductor in a uniform flux, the air gap between the coils and the rotor inside the
perimeter is of no significance for this machine's efficiency. The torgue generated 1s directly
proporional to the ampere turns and radius from the rotational centre in a Halbach array and the

fundamental refationships, for a single conductor, are given by:

F=8f-i (23]

r=#117 (2.6)
amd;

P=T-w (2T
, where:

F = Force [Newton|

# = Magnetic Flux [Tesla]

L = length of conductor fmeters]
i = cwrrent [Amperes)

v =radius [meters)

1 = Torque [Newton meters ]

) = angular velocity [radians per second)

To accurately estimate the magnetic forces in a machine, the torque and power shouid be integraed

along the circumferential direction of the conductors in the air gap. For simplicity, the conductors

are considered as a single wire.
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Consider the drawing in Figure 2.12. The field windings are shown as 5 wires. In the actual machine
these pairs represents several windings. Say a cwrrent is running in one phase only. This will cause a

force on the windmg and the magnetic field, which are equal and opposite.

in this maching the windings are kept stutionary and the Halbach array is free to rotate. Assuming a
rotational centre coinewdes with the geometric centre, the forces, described by equation 2.5, acts
between the magnetic field and the windings. This translutes into a net torque, as described by
equation 2.6,
The voltage of this machme 15 purely a function of wire resistance and the machine induced
electromotive force (emf). In order to control the device will require:

o Controlling the current to and from the muchine

e Limiting the maximum voltage
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Ficrre 2.12: Harnacn Awway Macsve MobeL

A constant current, which can be comrolled to a required value, can be used 1o uccelerate the
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machine, given that the induced torgue is larger than the frictional forces. The machine is a true two
pole permanent magnet, 3-phase AC synchrencus machine. Locking from the DC side of the
converter, the machine plus the converter can be described in terms of DC machine equations, hence

the term brush less DC machine.

By switching the current in a controlled mannper results in a square wave current output on jhe 3-

phase side. With the rotor being a fixed magnetic field and the windings on a non-magnetic core,

the voltage equation for a DC machine, on the DC side of the converter, applics 1.c.:
E=K®w+!-R {2.8)

, Where

E = Induced machine EMF (eleciromotive force)

@ = Flux density. fixed for a permanent Halbach array

0 = angular velocity in radians per second

f = Winding Current

& =Resistance measured over the switches and the windings,

K = muchine constant.

The induced voltage can be cstimated by the the induction law {AE. Filzgerald, DLE.

Higginbotham and A, Grabel):

g i (2.9)
T

where
¥ = Induced Voltage
N = Number of tums

P : :
— = Rate of chunge of magnede flux
4

For a conduclor loop the induced voltage becomes:

V= m¢llmﬁin{wr} (2.10)
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;where
o = angular velocity in radians per second

@,,.. = Magnetic flux given by the relationship

P =BA (2.11)
. where:
B = calculated Flux density of the Halbach array equation 2.1, and adjusted according to the
magnctic area reduction described in section 2.4

A = Area enclosed within a conductor loop

For this machine tunning at 90000 rpm with a flux density of (4.4 Tesla and a mean area ot 0.025 X
0.020m per winding, the induccd Voltage in equation 2.10 veduces tor V =243 Nsin{ewt) per

winding, with N = number ol windings. The RMS. the Root Mean Square or DC equivalent, value

2.43%
for a sinusoidal wave shape has a value of |,=;—=1-72 volts per phase per winding al maximum

apeed,
The fupdamentul equations [or three phases are:
Vi =V (2.12)
. for a delta or:
L =ﬂ..|"5-if'pk (2.13) [or o star, of Y connected maching, where:
V:r = RMS Line to Line Yoltage
V.r = RM5 Phase voltage
Diffcrent configurations of windings was 1csted, Their respective estimated maximum values is
shown mn Table 2.2. This dictates the ratings for the choice of switching device, as semiconductor

devices are gencrally more sensitive to over voltages and cwrrenis than a typical brushed DC
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machine.
Windings Vi {Delta Connected} Vi (Star Connecred)
14 24V 416V _
20 -| 343V 594V ‘
25 | 429V 743V |

TapLE 2.2: Maxmary Carctiater YorTaces For IFFERENT StaTor WiKDINGS

Substituting for K¢ in equation 2.8 we get :

E=SR SER Gk
900

where:
E =Maximuam rated voltage for the machine

R = Combined resistance of the switches (MOSFET, IGBT etc.) and the windings.

2.8 Hybrid Magnetic Bearings

R. Moscr, J. Sandwmer & 1I. Bleurer describes Earnshaw's 1942 discovery Lhat passive magnetic
bearings cannot reach a stable eguilibrum on their own, also known as Eamnshaw's theorem.
Furthermore they describe the principle of diamagnelic levitation for flywheels, which could not be

made to work in their present configuration.

CInper magnet
-
o Ohuler magnet

Slll!nurl;"”

Thner magnet - — Support

Ficrre 2.12: Byverm MacverTic BEarmic ConsTRUCTION
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1.D. Stienmeyer, 3.C. Thielman and B.C. Fabien describes an inherently stable hybrid type bearing.
Shown in Figure 2.12, the bearing consisis of an axial journal ball bearing, combined with two

radial, repelling type passive magnetic beanngs.

The radial bearings can consist of two axially magnetized rings or a ring and a disk as the forces and
stiffness are independent of the direction of magnetization (J.P. Yonnet), 1.e. radial or axial

magnetization. The former is simpler to manufacture and commercially available.

I.D. Stienmever, 5.C. Thiclman and B.C. Fabien calculated the journal bearing losses to be small
enough to allow for run down times of over 200 days. O. Bouty had shown a method for
quantifying the magnetic bearings losses analyhically. This 1s necessary to determined the heating

effect on the magnets in a low pressure environment.

2.1 Hybrid Magnelic Bearing Stability

The stability of the 1.13. Stienmeyer, S.C. Thielman and B.C. Fabien model is based on the stability
of a spinning top and lumiting the precession (wobble) by wsing two pairs of radial magnetic
bearings. Jr-Yi Shen and Brian C. Fabien describe the active control of this system, which i3

required for dynamic applications and machines types where the air gap is crtical.

In this prototype, the application is stationary and the owtside rotor Halbach array machine is
msensitive to fluctnations in the air gap as the magnetic field is uniform in the entire airspace, as

described by K. Halbach.

2.9 Radial Magnetic Bearing Stiffness

The stiffness of the radial magnetic bearing can be analytically calcwlated as per LD, Stienmever,
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§.C. Thielman and B.C. Fabicn. assuming perfect magnets,

The stiffness for this magnetic bearing was determined by the size of commercially available
magnets that are best suited for the geometry of the flywheel. The theoretical stiffness was

determined by finite element analysis and physically measured on a prototype bearing medel shown

in Figure 2.13.

Fiourr 2,13: HYERID MAGNETIC BEARING MODEL

The bearing stiffness was measured on the free end, i.€. the end without the journal bearing. The

hearing experimental results are listed in table 2.3

frner diam. Outer i Disk diam. Height Stiffness [Nfm]
fwim] | [ finm] [mm]
30 I ol 22 10 3000

TapLE 2.3 Expemimenrtar. Rapial Macsenc BEARING STIFFNESS
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In compunson, 1D, Sucnmever, 5.C. Thiglman and B.C. Fubien achieved u rudiul stilfness of 600

N oand BTe0N/m.

2.10 Radia! Magnetic Bearing Losses

‘T'he radial magnetic bearings consjsts of two axially magnetized rings or a ring and a disk as shown

in Figure 2.14.

Froome 2.14 : Axniny Mackenzen Rapal Macsenc Bearms

Shown in the Figore 2.15 and Figure 216 are the simulated results of O, Bouly of magnetic beating

losses,

i \ A \:;‘ " BE s ‘!_“Eﬂ
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Frame 2.15: MacyeTic Beakve Staror Loss Frime. 2.16: Mausern Beaknse Rorok Loss
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From these simulation results, a machine running at 1600 Hz or 96 000 rpm, has a resulting rotor
loss of ImW and a stator loss of 5 mW at a displacement of 0.1 mm.These losses have to be added
to the total bearing loss, The 5 mW stator loss has to be added to the heat that needs to be removed

by the heat pipe.

The heat from the rotor loss is generated in the magnet and conducts into the flywheel structure. Ina
ncar perfect vaconm, this heat 15 cumulative, as an insignificant amount is radiated to the
containment. This heat cannot be removed from the rotating part in a perfect vacuum and therefore a

low pressure inert containment is preferable, which adds to the total Mctional loss.

2.11 Axial Journal Bearing

The 1.D. Sticnmeyer, S.C. Thiclman and B.C. Fabien hybrid magnetic bearing contains an axial
thrust bearing, consisting of a ball resting on a ilat platform, with the frictional loss of given by the
relationship:

T=09mwr'F-u (2.15)
. where:
"= Prictional torgue
= radiug of ball rest

4 = Coetlicient of friction between the fwo surfaces

For a flywheel exerting 20 N, the frictional losscs will be as follows [Table 2.4]

| s
Ball material Plutform | Cocfficient of Fric- Torgue [Nmf Power loss @ 90 O}
| i

material | tion

Ruby / sapphire . Sapphire |

| rpam [ VY
|
| | |
|
I

| : 0.1

5.089¢-05 4

Hard Stecl Hard Steel |
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Ball maoterial FPlatlorm

marerial
i e
Cast iron : Cast [ron
Teflon | Steel

= T

Coefficient uf Frie- ‘ Toryue fNm] Power fuss & 93 (00

tion i [ Yy
042 ! 2.14e-04 _ Eﬂ 14
. .15 ! T.634e-(13 . : T 19_
. D{M | E.l]fnf:_e—ﬁﬁ | 192

Tanrr 2.4 FricTION YALIES FOR BEARDG MATERIATS

The prototype axial journal bearing is shown in Frgure 2,17 with a ball dunension of tintn running

on i Polytetrufluorethylene (Teflon™ jcoated steel platform.

2.12 Conclusion

Frsure 2,17: Axiar Jouryar Beaewg Moo

It was proved through the usce of the finite clement method that it is possible to create high guality

Halbach arrays from off the shelf standard magnets.

It was shown that the start angle in the acray does nat influcnce the guality of the resulting magnetic

fluxes,

The theorem was extended to that of multi pole arrays and it was shown that using fracrional

numbers per pole still yields a valid Halbach amay.

The relationship between the

magnet and their respective oricntation angles has been cstablished [or

both dipole and mueli pole arrays and extended 1o an offset start angle.
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The theory was verified by finite element analysis and actual prototypes and proved to be consistent
with the theoretical and finite element analysis.
The theoretical principles of maching design was derived for designing a Halbach maching and

verified with a prototype.

It was shown that cooling will be required for the machine generator as wetl as the flywheel itself,

as there are heat sources to both,
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3 Chapter 3 - Heat pipe cooling design

3.1 Introduction

When permanent magnet machines are operated in a vacunm / low pressure environment, the heat
generated by losses accumulates inside the machine, An insignificant amount of heat escapes
through conduction in the wire, some through convection if an atmosphere is present, and the rest
radiates into the nearest object, in this design the Halbach array. It was found that, afier several
hours of opetation, the NeFeB mugnets heats up enovugh to move into the reversible
demagnetizalion regime. Despite the resistive losses in the machine being small, in time the

widings eventually overheat, which in turn results in insulation breakdown.

The reststive losses in an Halbach array machine is small and lack magnetization losses. since there
are no magnelic materials in the stator The heat generated can easily be conducted to the
environment, although most materials that conduct heat well, also conducts electric current and will
result in additional eddy current losses from the rotaling magnetic field from the Halbach array. One
such matenial is diamond, with the restriction of availability, cost and difficulty to machine, Mica is

another candidate, but too briltle for most structural applications,

Heat pipes on the other hand lend themselves well 1o cooling the machine im this environment,
subject to conditions dealt with in the objectives. These are autormatic devices that move heal by
means of a phase change from a hot to a cold end. Generally, heat pipes include a wick to pump the

condensed fluid back to Lhe hot end by capillary action.

In a thermosyphon, a special case of heat pipe, the condensate moves back to the hot end by means

of gravity. These are operaled in both vertical and inclined configurations.
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3.2 Objectives

The objective of this chapter is:
# to establish the principles required fer heat pipe ¢ thermosyphon design for vacuum / low
pressore operated clectnie machinery and

s todevelop, build and test a prototype lor testing in a kinetic storuge device.

A constraint fipm a magnetic point of view requires the heat pipe not to be magnetic or electrically
conductive, otherwise it will act as an eddy currcot brake to the rotating, with the rotating

permanent magnet rotor.
3 3 Heat pipe operation

The principle of operation is (o remeve the energy by phase change of a coolank. Various coolants
have successtully been used for various temperature ranges and amongst others include ammonia,
water, CFCs, aleohols, Acetone, Sodium and Mercury, depending on the operating temperatures and

desired cooling requiretnents.

According tx 1P Holman and L. L. Vasiliev, heat pipes in particular can move substantial amounts
of heat through comparatively smal! surface areas and have very low thermal resistances, allowing

for compact heat exchangers.

[nenbulivrt

tinndenaer

Firre 3.1 : Heat PirE OPERATION
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A heat pipe consists of a hollow vessel with the inner wall covered with a wick muterial. Shown in

Figure 3.1 is a schematic of a heat pipe.

The working fluid inside the pipe cvaporates on the evaporator side of the heat pipe and the gas
travels to the cold end where it condenses Lo give off the latent heat. The condensed liguid is moved
back to the hot end by capillary action of the wick. The capillary pump allows the device to work in

any crientalio.

Several different types of wick materials are used in heat pipes. Most recently added are the porous
sintered metal wicks, conunonly found in computer processor hieat sinks. Z.J. Zuo, M.T. North and
D M. Ernst showed heat transfer rates for uniform wick struchures and ethanol as work theid of just

over 5.6 Wiem® with uniform graded wicks and up to 7.9 Wiem' for sruded wicks.

The heat transfers of several configurations are listed in tuble 3.1, and some typical eperating

charactenstics in Table 1.

Tem;;;mre_-ﬁ;orking Ffum; Vessel material Axial Heat I.S‘mface freat
range PCY !ﬂ'ux 'ﬂ'ux fWiem if
: [Wiem
-E(jﬂ to - 80 Nitrogeu_. Stainl.é.;s stecl - 67 ! I,{;‘rl_“
70 to +60 ' Amwoia Nickel, Alaminiom; b
Stainless Steet 295 2.95
| -45 to +120 Methanol Copper, Nickel, | _
| : Stainless | _45(] i 75.5
5 to 230 [ Water Cngpcr, Nickel 670 146
190 10 550 |Mercury Stainless steel 25100 T
'_-—1{,’!#} io 83000 |Potassium Nickcl, Stainless | |
steel ‘ 5600 181
-Sam "}i]-i]—_ Sodium A ﬁickel, Stainless | |
- | ' steel ‘ 9300 224
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Tempm'ur.ure IWﬂrHug F_'iur'd ."-F-/:?;;e-.!; m.‘:terr'.al' IAxr'a." Hf.ﬂf Surface heati
st BCE | flux flux [Wicm 7]

‘ ;,."Wfr.'m 2
900 to 1500 | Lithium Niobium 2000 07|
1500 to 2000 |Silver Tantalum 4100 413 |

Tante 3.1 ;: Orepatric CHARACTERISTICS OF HEAT PIPES - J.P* Horaan

T. Payakaruk, P. Terdtoon and S. Ritthidech describes heat pipe operation in a vertical or inclined
position, without the need for a wick. The limitation is that the evaporator has to be in the lower part
and the condenser at the top. Y J. Park, HK. Kang and C.I. Kimo refers to this configuration as a
“thermal diode™ that has a wide operating temperature range and are commonly referred to as

thermosyphons,

Lo the thermosyphon, liquid boils at the hot end [Figure 3.2] and the evaporated gas travels from the
surface of the boiling liquid along the centre of the pipe to the cold end. At the cold end, the
working fluid condenses on the inner surface and the liquid is fed back to the boiler end by means

of gravity.

The simplicity of thermosyphons gready redvces manufacturing complexity and cost, as shown in
Figure 3.2, as compared to heat pipes and orders smaller than conduction mode heat sinks [Table 1].

This ateribute makes 1t the most altracive alternative for use to lower the cost

Contrary to the simplicity of construction, the analytical and numerical analysis of the ditfusion
inside a thermosyphon is highly complex, as documented by A, Rodrnguez-Bermal and E.S van
Vleck, Fortunately, empirical models exist which simplifies the design of a practical thermosyphun

greatly, which will be used for the low cost system described in this thesis.
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It was shown by A Meyer & R.T. Dobson that an inclined thermosyphan is more efficient than a

vertical ong, an attribure that can be vtilized 10 make the heat pipe mote compact when required,

3.4 Heat transfer

According to A Meyer & R.T. Dobson. the heat transter relationships tor a vemical thermosyphon

are as follows, A drawing ot the thermosyphon processes is shown it Figure 3.2 The muximun heat

transfer 1s:
Ijrm =] -555311GEEG""‘”“KU'-WE A
wherc.

the Bomd nutnber is given by

o
B=— 1.2
* Nolgilp—p,) ke

and the Kutateladze number by

¢
K= 0,25
o gip—oy)
[ hyg——F—"] (3.3)
2y

et

where, Q e

ou

O = Hear ransfer rate | W

o = diwmeter 111} e =

= Surface lension, [MNm)

&= gravitalional constant ot 9,81 [més2] Q

p.= density. liguid [kg/m3} in

£ = density, vapour [kg/in3]

Fiorre 3.2: TuERMOSYPEON PFRRATION

The heat wanslior is represented as a series of thermal resistances as shown in Figure 3.3,
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Ficrre 3.3 Teermal ReswsTancE MopeL

Q s N I {34)

where,
T} = hot end temperature
T, = Sink side temperature,

IR = Sum of thermal resistances

The resistances indicated on the thermal resistor network in Figute 3.3 ate
K. = Copper to resin

R.. = Resin o Glass tibrefepoxy composite

f.. = Composite 1o boiling Acetone

R.. = Condensing Acetone 1o Stainless steel

R.; = Stainless steel to air
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3.5 Fill charge ratio

The fill charge ratio is the ratio of liguid to the total volume of the thermosyphon or heat pipe. Y.1
Park, H.K. Kang and C.J, Kimo demonstrated the relationships between fill charge ratio (equation

3.5} and other performance parameters for two phase thermosyphons.

Most notably, that for low fill charge ratios (<20%) a dry out heat transfer limit exists where no
liguid exists at the bottom of the thermosyphon and localized heating of the whbe starts trom the
bottom upwards. In this mode of heat transfer, all the Liquid beils away from the walls of the
evaporator before any of it reaches the bottom of the tube. Also, far high fill ratno charges, the
maximum heat transfer is limited by flooding. Lastly the change in transfer coefficient was

negligible for all fill charge ratios.

Vi
Vi (3.5)

¢

where,
y=Fill ratio [%]
V= Volume liguid

V.= Volume column

Only fill charge mtios that will maximize the heat transfer will be considered, hence the following
relationship noted by Y.J, Park, H.K. Kang and C.J. Kimo will apply. tather than equation 3.3 [rom
A Meyer & R.T. Dobson.

K. f1 &
%'Hﬂz'ﬂrq —_l i
Oﬂ'ﬂ-": 3 'Eﬂ ::4 +|m.;1 J—E (36,}

where, the only new quantity, &, = latent heat of vaporizanon |Jfkg], is imtroduced.
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D.A. Reay states that fill ratios of 40% und bigher ure required to avoid problems with start up and
the dry parts of the evaporator heats up much more than the immersed part, causing locul
overheating. Furthermorc that an entrainment limit exists for high axial heat flows and the shear
forces between the counter cuwrrent liquid and vapour flows restricts the liquid to relum (o the
evaporator side causing [ailure on the cvaporaror side. When this is encountered, a barrier is

required between the returning liquid and the gascs from the evaporator.

3.6 Prototype Design

The requirements for the thermosyphom is set by the prerequisite of non magnetic and non
conductive materials in the proximity of the rotating magnetic field of the Halbach array machine.
Furthermore, the machine design dictates the physical dimensions of the evaporator part of Lhe

Lhermos yphon.

It was decided to use non magnetic stainlcss steel as the magnertic bearing holder and condenser,
oifering the benefit of high resistivity against eddy currents gencrated by stray fluxes and good
corrosion resistunce, The latter presumes that it may be negessary to accommodate different types of
wiork fluids in the testing phase, For the statorfboiler, Pyrex '™ glass was chosen for it's stiffness,

fair thermal conductivity and non magnetic propertics.

Acctone was chosen as the working flaid, baving a boiling peint of only 36.1 oC, K. Geick, J.
Walters. L. L. Vasiliev describes a 16mm diameter, stainless steel heat pipe and acetome as working

fluad, wsed to transfer 2kW of heat.

During the flywheel assembly, it was found that the glass was not tough enough to survive the
assembly process, where two pairs of repelling magnetic bearings and a Halbach array had to be

forced past cach other and it was opted to use a fibre glass fepoxy tube. The latter has a much higher
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thermal resistance, it's usability for this purpose had to be qualified by analytical calculation. shown

below. A picture of the fibreglass thermosyphon is shown in Figure 3.4,

The expected maximum heat loss in the wire is calculated using the [ollowing parameters from K.

Geick, ). Walters

Wire Data

Parameter | QT‘&: Unif. i
Cross seé;iun 1 mm*
Length N 0.9 i
Resistivity  |0.0172 i |
;Resistancr: 0.0155 Q
iDensity o 8.9 Ikgfdm 1
i_h_.-[ass {1L.0089 o ikg o
|Specific heat 354 Jike K

Tasee 3.2; Wik Dhara Ficure 3.4: STaToR
§ THERMOSYPION

Resistive heat dissipation: P=1R=20" 0.0155-6.2W

It is necessary (o transfer all of the heat out through the thermosyphonhence:

Q =P=62W

Assume a working pressure of 2 bar, i.e. the gaseous density ol 277 ke/m’ doubles and subsliluling

m equations 3.2 though 3.4 and 3.6

d = _ 0.016

. _ = - -4 642e-07
valgip—p. v33-10778800-555]

Bond rnumber: 8.7
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The Kutateladze number becomes:
Q 34317.8

K= oorp,) 0B 28.8.9.81 (8000555 5 0080
oglp—p, .8-9. -
[pvhfg-——’;’z—ﬂ—] 555-500.9 co5?

, which gives a maximum possible heat flow at a maximum fill charge ratios of:

3
fiifh_fv_. Bot 4 .
Qpar= (o, +p,* I7=7.958| W/nr']
lg(p=p )]

Using the A. Meyer & R.T. Dobson thermal resistance method for the thermosyphon, the thermal

resistances are as follows:

Regime A’ [Wim°C] t* [mm] R [C/W]
Copper to resin 379 3 2.6x10-7
Resin to Glass fibre/epoxy composite 0.35 1 2.87x10-3
Composite to boiling Acetone 0.04 3 7.5x10-2
Condensing Acetone to Stainless steel 0.16 1 6.25x10-4
Stainless steel to Air 250 3 4x10-7
Total thermosyphon resistance 7.848x107

* = Thermal resistivity, + = thickness

TasLE 3.3: THERMOSYPHON THERMAL RESISTANCES

Substituting from Table 3.3, the heat transfer becomes:
. Ir,~-T, T,=25
Q: =

2R 62955

=7.848-107 [ W/m?]

Solving for Th results in a wire temperature Th = 78.16 oC
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3.7 Conclusion

® Within confined spaces, the heat pipe can provide heat transfer rates to allow feasible
machine designs operating in a vacuum or near vacuum. It will be especially suited for low
cost electromechanical battery applications, where the armature windings may be operating
in a partial vacuum environment.

e The heat pipe has no moving parts that can wear out.

@ Materials for manufacture are inexpensive.

e Simple to construct.
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4 Chapter 4 - Novel shape flywheel

4.1 Introduction

At the time of writing, filament wound designs were being used exclusively in composite flywheel
designs. In this design an ultimate shape, one-piece, short fibre, composite flywheel is proposed,

which is simple to manufacture. This will reduce material- and manufacturing costs significantly.

The service life of kinetic batteries are expected to be in the order of fifteen years, after which the
power electronics may need replacement. Using composite materials brings the overall weight and
cost down and have a typical endurance of 100 — 200 thousand stress cycles according to S.
Salekeen and D.L. Jones. The flywheel is to be suspended on a hybrid passive magnetic bearing

system, which has an indefinite service life.

The use of these high cost, sophisticated, yet durable devices are to be weighed against the high cost
of solar power, inefficiencies of chemical storage and their comparatively short useful service life.
The medium to high volume manufacturing costs has to be tailored to what is feasible as well as

what is established and possible for the developing countries such as those in Africa.

4.2 Objectives

The objectives of this section are to:
@ Maximize the energy density of the flywheel design to lower the material requirements.
e Evaluate the materials and processes required to make composite flywheels.

e Propose a method to manufacture complex shaped flywheels inexpensively.

4.3 Flywheel physics

The specific energy of a flywheel is the quantity that represents the amount of energy that is stored

per unit mass of flywheel.
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R.F. Post, 5. F. Post detines specific energy as:

&
E: AKX (4, 'l ::l
2-p
. where

E = Specific energy [J/kg]

Saax = Tensile strength [MPa]

o = density [kg/m3]

This equation shows that materials with high tensile strengths and low densities have higher specific
densities. This implies the vse of composite materials lor flywheels rather than metals, they being

less costly than traditional materials.

Froore 4.1: Taey Cyomvorieal Foywneer , Murtieee Rev roywoeer ane Untivate Saare FLYWHEEL
M, Berger and 1. Porat showed, that by using a combination of piece-wise optimal shapes, the
ultimate shape reduces 1o a combination of maximum strength and minimum thickness sections

only. This result yields a energy density of 1.9 times thut of a thin walled cylinder,

Furthermore that a vniform thickness solid disk has an energy density of [.52 times-, and a uniform
strength disk 1.65 times that of a thin cylinder. Shown in Figure 4.1 are models of a thin
cylindrical-, multiple rim and ultimate shape flywheels. P.P. Benham & F.V. Warnock defines the
total kinetic energy stored in a rotating body us:

1
W==lw’ (4.2)
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where:
W = Kinetic energy in Joules
{ = moment of inertia of the body

w = Angular velocity in radians / sec

Furthermore, for a cylinder the mass moment of inertia iy delined as:

I=%'m-[ri+r?} (4.3}

i
Jxhere T mo= masy

r, and r, = outer and inner diameters. for a unitorm strength disk.

Using these relationships., Table 4.1 shows the theoretical energy densities for combinations of

different matcrials and shapes for a thin walled cylinder, a nniform strength and ultimate shapes.

For the uniform strength and ultimate energy shapes, the strength values of short fibre composics
were used. Tt 1s assumed unneccessarily complicated and costly to attempt to manufacture complex

shapes with continuous fibres and keep the fibre orientations in the plane required.

Material L"I{.'rﬂndrica! Uunm;m L rora 11 Sl
Sirengha
Mild Steel 4.2 i X1
Aluminium 4.5 6.3 5.6
High Tensile Steel 47 415 59
E- rlass! Epoxy 73 102 134
Graphite/ Fpoxy Fied 458 621
[E-class fibre 19¢ NSA N/A
Kiraphite fibre 545 NiA N/A

Tanrk 4.1 Seacieic ENERGIES FOR SELECTED MATERIALS AND SHAPES

4.4 Ultimate Shape Flywhee! with Cenfral Hole

‘The M, Berper and T, Porat mindel does not provide for 4 central hole, which 1s required to ¢inbed
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the bearings and a PM (Permanent Magnet) machine The impact of a central hole on the specific
etergy was investigated algebraically. The central hole s required to fit shafts, machines and
bearings etc. to the flywheel. Adding the central hole to the M. Berger and 1. Porat model redefines

the generalized flywheel shape as shown in Figure 4.2.

This model is analvsed by a differentiable configuration of piecewise defined disk profiles. The
profile in Figore 4.2 s made up from 5 bhasic shapes and are, from left to night, defined by the
boundaries from peints P, to Py: Central hole (P, - P;), Exponentlal- (P; - P;), Minimum Thickness-

{P:- P.}, Maximum slope- (P - Ps) and maximum thickness profiles (Ps - Pa).
wir)

w,in)

= % o
£ / Exponelal
gi- ]

Hala ' !

P: P‘: Pa

Figure 4,2; Precewisk Deriven Disk Proriie Winn Centrar Howe

In this study an analytical denivation 1% demonstrared, of shape formulas, using a mathematical
approach. The objeclive was finding the constant continuous functions for which the SKE iy
maximal. The ultimate shape, with the central hole,
derived was consistent with that of the original from

M. Berger and 1. Porat,

Frovee 4.3 GA Isormoes: Maresiar FoywaerL Saaey
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The resulting analytical shape is similar to those derived using genetic algorithms such as the work

of D. Eby, R.C. Averill, E. Goodman, and W. Punch, shown in Figure 4.3.

Applying the conventions used by M. Berger and I. Porat, and expanding the model to include the

central hole, the flywheel shapes are redefined as follows.

2R, = disk diameter [m]

R =radius from the centre {m]

I' = Material density [kg/m3]

Wix, = function defining the disk thickness at radius R [m]

Z = plane of rotation

. These quantities are rewritten in dimensionless form:

R, )
, where:
R = radius
W(R)
w(r)=
R, (4.5)
S (R)
s (r)= . (4.6)
SMAX
, where:

Sx{R) = Radial stress at radius R

Suax = ultimate tensile stress

“4.7)
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, where:

SH{R) = tangential stress at radius R
’ (SMAX 0

, where:

F, = positive load per unit length at circumference of the disk

For a thin ring of the same diameter and material maximal tangential velocity is:
Vi=2 (4.9)

The specific kinetic energy is:

2
_V
B2

E (4.10)

Normalizing these quantities and using the thin ring as reference, the speed and specific kinetic

energy or SKE are expressed as:

vV
o=t (4.11)
VO
and
E
= 4.12)
EO
, where:

Vi = tip velocity of the ring or disk

Ep = Specific energy of disk

The differentiable configuration of the piecewise disk profile is a hole when the specific kinetic
energy SKE that provides the shape is Zero. According to the fundamental theorem of Calculus the

paths at the boundaries are equal.
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This implies that the first shape w,(r) is equal to zero and the SKE is defined by:

t

J'rawl(r)dr
e(k,w)=k2%-—— (4.13)
frwl(r)dr
0
e(k,w)=0=w (r)=0 (4.14)

,where:

e(k,w) = normalized specific kinetic energy

For the exponential shape, at the location P, to P;, the SKE resuits in a two axis-symmetrical

problem: The logarithmic curve on top and the exponential curve below the r-axis.

The problem is to find the exponential function which becomes a logarithmic curve for a rotating

disk. This is proved by equations 4.15 to 4.30:

e(k,w)=k* f——— (4.15)

(g;+r7) (4.16)

Equation 4.16 is obtained after solving equation 4.15. The SKE e(k,w) at r, g; is an exponential

shape, which gives:

-1-( j-i—rz{k2
w(r)=e® (4.17)
. In(s
—qz=p§wrthq§=—2—r3,-<(z—) (4.18)

q; is pushed to the left and reaches P;, hence:
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l(pg_r;z J& (4. 19)
wz(r)=1/v3(r)‘e2

In geometric language, for the minimum thickness, P, P, is an ordinary point and the tangent at this
point is a straight line i.e. a constant.
w,(r)=w,(r) (4.20)

Solving e(k,w) provides the following result after it's calculations in the interval:

4(p,,r)withr—p, (4.21)

The result is :

ws(r)=—;-(p§+r2)k2 (4.22)

, which, at the smallest value of k, gives the constant value, O .- » hence:
w(r)=6, (4.23)
which approximates:

6,=0.0 (4.24)
The maximum slope from the piecewise differentiable thickness to the interval
(r ,ps)wherer—> p, from the outer section. From the geometrical restriction the following
applies:

ow(r)

r

<20 with 0 >0 (4.25)

By the theory of non-linear differentials as described by E. Goursat , w(r) approaches 2, when r
or

tend to P,. This results in the following equation:

owlr) _, o(r-p,) (4.26)
or
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knowing that:

p4= p3+d, (4.27)

After analysis the Slope at the point P, becomes:

w,(r)=0 ,+2a0(r-p,) (4.28)

The analysis of this profile is similar to the minimum thickness for the interval [Ps, Pg] and the
minimum provided by the set of the smallest k, r in this closed interval is bigger than the one
provided at the minimum shape, hence:

w,(r)=8, approximating 6 ,=0.01 (4.29)

Following the M. Berger and 1. Porat methodology, similar optimum designs for three different
speed ranges were found, namely:

e Low-speed range: k; =0to 1.131,

e Medium-speed range: k; = 1.132 t0 5.132

® High-speed range: k; = 5.132 t0 6.720

Each of the ranges has been studied, by means of the mathematical package Maple 5, and it's

optimal profile found.

The aim was to find the shape for which the SKE is maximized in order to minimize the material

requirement of the flywheel. This point is reached at the ultimate speed when k’=6.720.

The low-, medium and high-speed range profiles are shown in Figure 4.4,Figure 4.5 and Figure 4.6

respectively.
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Frime 4,45 vnsAL FLYWHEEL PROFILE FOR Lonw-SPEED

Ficere 4.5 OpTiMAL FLYWIHEEL FROFILE FOR MEDIUM-SPEED

Fiike 4.6 @ OQpTnial FLYWHERL PROFILE FoR HicH-SPEED, B2 = 6,724

For the high-speed range, starting from 3.132 to 6.720, the centre thickness must be limited from
violating both the stress and the maximum thickness constraints. The optimal shape of this rotating
free-disk in the high-speed range is terminated at the maximum slope thickness. The SKE converges

to the upper bound below the possible limit value of 2,
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While the disk is rotating, it creates strength construints, namely tangential S and radial stress Sy.

thus produces the following results after solving the two boundary problem Egoations for the

system of two differential equations by a shooting method as suggested by M. Berger and L Porat:

dy oy —F B
it s | “{r}sn_i_kzr
dr L wir)
Id r _ {4,300
5 § —% ] e
sk S5 Bl m.-.r.ia_nﬂ.r
dx r wir]
|
. with:
Osr=<land, Bound . .s (0)=y .
(4.3

: =fﬁ
il A{l}

The Maple solution of equation 4.30, at the speed of 6,720, is shown in table 4.2.

k2=6.720 |
r interval s[R] s[t] !
0000000 |1 1
| 0.356283 1 1
0.366284 | 1 1
0.711929 S
0.721929 |0.649766 0.89493
1.000038 |0.327935 | 0.798381 |
10000038 | 0328 | 0.7984

TabLe 4.2: SOLUTION rok & v pouarion 4.30

The stress differential equations at the centre are singolar. This singularity i3 removed by solving

the following system of equoations for the shape wir) at the centre i.e. radius = (.

26011107
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s LA s R
g = w ] SR“”
dr I ow()
- (4.32}
L
—_—i - .. A :'
ifr 30 winy ©

Euach configuration obtained has its own graph of stresses from Low to High speed. For the High-
speed runge, point g (Figure 4.2}, the evolved exponential shipe starts to retreat towards the centre
of the disk and mect with point Py at the critical point. This affects the stresses, which are dropped

o their permilted level in the cxponential section.

The behaviour of the stresses from the centre to the ower section of the free-disk at the high speed
are shown gruphically in Figure 4.7, Note that, as this optimization was derived in normalized form,

the quantities shown in the graphs ate dimensioniess.

High-speed Stress v.5 Radius

s[r]slf]

Froure 4.7: Svirss oS iBINToN OVER FLYWHEEL AT HIGH-sPEED ¥=6.720
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Medium-Speed Stress v.s. Radius

e e

s{r]s[t]

0z 4 oY k! 1 1.2

FiGURE 4.8: STRESS DISTRIBUTION OVER FLYWILEL AT MEDIGM serkns

Low-Speed Stress v.s Radius

el

—&lr]

s[R]s{t]

Tigore 4.9: Stresy distibuotion over flywheel al Low speeds
By comparison to the stress-graph at the medium speed, the stress-graph proposed by M. Berger
and 1. Porat is similar with this Mediwn speed, where the suesses have violuted the constraint Timit

wvalue,
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The fnite smooth curves is a path created by the radius » with parameier interval [PP,|. This
inierval was subdivided into five parts or shapes and each interval varied and provides a path which
is a coniinhuous Tunction at the subinterval. Every single location in the subdivision of a radius for a

free-disk creates its own path, see Hg. 4.9

SKE v.s5. Speed Graph

SKE. elk.w)

i 1 Z 2 1 Z 4 7 & g 10

SPEED: k"2

Ficuze 4,10; SKE v.5. SPEep

From Figure 4.9, it can be observed that the opiimal profile is a cominueus mathematical function
for which the SKE converges to the upper bound limil value of 2. i.e.

elk, w)— upper bound , 2 (4.3

The SKE, from low speed to high speed converges to the higher value. called the upper bound, but
remains strictly less than two, The graph in figure 4.9 shows the specific energy of the three speed

intervals as a function of speed.

The algorithm for obiaining the opiimal shape in the High-speed requires setting the simulaiion
variables und then find the final shape wir) composad of a constant stress profile and the minimum
thickness. The SKE e(k) is calculated with a given final shape. Finally the SKE e(k) is plotted for
K=0...6.720,6.760,7.720 and shown in figure 4 10. This proves thai the uliimate speed is

6. 720} and cannol be excesded.
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Shown in fig.4.11, the dotted line depicts the maximum possible SKE limit. The graph shows an
improvement beyond the possible maximum SKE of two. It is physicaily impossible, however,

hecause the flywheel material would have exceeded it's maximum tensile strengrh and fractured.

This may be achieved in an application where a compressive force is applied at the edge of the disk,

¢.z. by shrink firting a rim, which will raise the maximum possible SKE above two.

This possibility, however, is considered too complicated for a low cost design and was not pursued

further at this point of the design.

The GEZ - Aragh Faf e Laak Sl 1o0 &=0._7.720

Linwirallic k"2

Frsom: 4100 SKE of THE Ortmial Saare ror THE SPEEDp Ravce veow (o 7.720
The Maple 5 worksheets used Lo determine the flywheel parameters are in Appendix 1. A safety

factor of 2 was used in the iterative process to determine the place where Py=P.~P; |

coinciding with the high speed profile of  K3;*5.2 The [ollowing results were obtaine:
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k = 2.280350850
p=0

p: = 0.00491352

n; = 034106683564
p. = 1LI0A06GEDG4
ps = 1 056068064

=1

For a 300W-h flywheel, these values translates to the following dimensions:
P: - ﬂ-03 Im
Py = (.0884 m

P¢=P5=FG={}_IIZm

The volume and mass of a flywhecl of these dimensions is caleulaled using a Maple 5 spreadsheel.

The volume ol the exponential profile is given by:

[I—.El" =edy

e ] (d.34)

v =28 =

. where:

& = thickncss of the minimum thickness profile, and the volume of the minimum thickness profile
is given by:

V. =mé(p;—p) {4.35)

The values of the parameters vsed in equations 4.34 and 4.35 arc as [ollows:

p:=003m
P = 00884 m
pa=0112m
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g =002m
2 = 1960 ke/m’
k =2.429

The calculated volumes and mass of the profiles comes to:

V. = 0.00043869642 m’
vV, = 0.000297008832 m’
V.. =0.001174395672 m’

mass = 23018 ke

The energy density of this flywheel is therefore E = 300 / 2.3 = 130 W-h/kg. The energy densities

obtained for flywheels of various flywheel storage projects are listed in table 4.3.

Material Type E [W-ikel Souree —I
(Carbon fibre | - | 80 G. Ries and HW. Nenmueller |
;Caxhun T100G Multi rim 350 B, Bjn_llj_nii. H. Bernhoft and, M. Leijon
iCarhun . Multi rim i 168 |R.F. Post, 5. F. Post

TasLe 4.3 ; Sreciric Evercy DESSITIES ACIIEYED IN VARKIUS PROJECTS

J.H. Faupel and F.E. Fisher describes a discrete analytical method for flywheel calculations and was
used to verify the strength of the determined flywheel profile. The method, shown in Figure 4.11
was implemiented, uvsing a spreadsheet. where the flywheel strength is evaluated using
interconnected uniform thickness concentric rings, with free boundaries defined at the central hole

and at the rim.

The method can be viewed as o crude approximation of the principles used in [inite element
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amalysis, where Lhe sezmenls chosen are much smaller,

_—

g o

Ficier 4,11 : Avreoxmiativg FLywHEEL sHAPE wiTH Dimcrere RinGs

J.H. Faupel and F.E. Fisher describes the methodology of swess change from one section to the next

'
A A L
Ag =—: _—
3 “V{ Y+A ¥ (a3
where;

A, =Change in radial stress
Ay = Change Lo thickness of adjacent section
¥ = thickness of section, and:
Ao =vAg, 437}
. where:
Ao, =Change in hoop stress

¥ = poisons ratio for the material

Applying these principles to the result for the prototype obtained with the analytical method. the
streszes are calculated with an OpenOffice spreadsheet and are shown in Table 4.4, The maximum

stress occurs in the hoop direction, on the outer boundary of the fiywheel, at just over 90Mpa, well
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within a factor of safety of 2 [or the [bre slass - cposy composite,

By 2Psi
S m— e
"EEE
e i
|plo TaELS4
far  4zaagm
! Bection ro | e | et | Beepd | parg | ¥ —aYiy +AY) I, AR a |
e 384 | 1552 | 192E4 1141378 857I5TE [ |
2 EVT R FAE uﬂi&" BOMZ G  S12EET 07467 -253E-|:m| 2508566 9381 -16.08
b a3 | 1 =3, Bid26  4efE088 0789 -127EO00G]  A3OmIAZ 4181 124
[ 4 a8 'Hi__| Mo4ds  TIR4E  AETIEE 07N Lsam Mginge 10258 a7
5 3 b T BFRE|  amgmst 0w 252 eFSImE -venae)  -mow
8 | amM B 37195 ESMIRAR M40 07| 206000 GA0684 6856 2057
M 417688 SIB0BB6  IMOSA 0785 -L26EL0Y  H0ARI3  7ESS| 2206 BM0MAS
& 252 £a5 47401 46ER15S  2eBSIOT  07%E  LSE-D0E  GEEPRE B4 .S 1
] ¥ BE7 58638  40A50.BH  2367TET 0757 T TR [

TapLe 4.4 @ SteEss Cavcurarion Usoic DiscreTE ANaLyTIcAL METHOD
These results were used 1o construct the following flywheel shape by means of a CAD package. The

shape and the main dimensions shown in Figure 4.12.

™
P

=

Fiuer 4,12: Can prawmng oF CLIBIATE SHAPFE 300 YWH FIBRE GLASS COMPOSITE FLYWHEEL

4.5 Material Strength

The materials under consideration for flywheel manufacture are cither in the metal or fibre

composite category,
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Metals are easy to use for mass production, their physical properties well documented and they are,
except for some special cases, homogeneous. These benefits are, however, quickly offset by the
required size and mass thereof, because of their low specific energies, safety issues and cost of

containment.

Metal flywheels are contained in massive metal or reinforced concrete/metal housings. Metal
flywheel systems are bulky and difficult to handle and are usually fixed installations. The mode of
metal failure is elastic, which stores large amounts of elastic energy into the fragments before

severing off the structure. Metals are known to suffer from fatigue when loaded repetitively.

Composite flywheels, on the other hand, are much smaller and lightweight because of their high
specific kinetic energy. Their physical properties are not homogeneous, like metals, and has to be
taken into consideration. Composites fail differently, commonly de-bonding, fibre pull-out and de-
lamination. De-lamination is prevented in current filament wound designs by using a multi-rim
approach, which is a function of wall thickness. The process of filament winding and separating the
rims with an elastomer and balancing the resulting structure is cumbersome and reflected in the

price of commercial flywheels.

P.J.E. Forsyth and L. Holloway gives the strength of continuous fibre reinforced materials, with all
the fibres aligned in the direction of the applied force as:
o=0,V +o (1-V) (4.38)
,where:
o . = Ultimate tensile stress [MPa]
o ¢ = tensile stress of fibres [MPa]
O o = tensile stress of matrix [MPa]

V¢ = Volume fraction of fibres {0 S V< 1]
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Short fibre composites for fibres longer than the minimum critical length are only marginally
weaker than a continuous fibre composite. Fibres shorter than this critical length will not be
considered for this design. The advantages of short fibre composites are that they can be easily

formed into complex shapes, by casting, injection, layering and spraying.

Having the strength requirement (M. Berger and 1. Porat, ) only in the plane of rotation, requires to

have have the fibres oriented in that plane.

The critical length of a fibre is determined by evaluating the process of load transfer. The load to the
fibre is transferred through the shear strength between the fibre and the matrix interface. The
resulting tensile stress is not the same along the length of the fibre. Shown in Figure 4.14, the stress
along the fibre starts from zero, increases to a maximum, then reduces back to zero at the other end

of the fibre.

From the force balance on a short fibre, shown in Figure 4.13, the force acting normal to the
element J F is equal to the shear force acting on the edge of the element. The force on the edge is
the product of the shear stress, 7, , and the area it acts upon therefore :

§F=mdt 6x (4.39)
, where:
d = diameter of fibre.

T, = Shear Stress on matrix
P.P. Benham & F.V. Warnock defines that, for the Tresca criterion, the shear stress is half the

difference between the two principal stresses. The only stress, ¢ m, is applied parallel to the fibres

and none perpendicular thereto. Principal stresses act at right angles to each other and are expressed
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s ;

(4,440}

el

b |5

Ficure 4.13: SHFAR STRESS ELEMENT
From Equations 4.39 and 440 the wotal urce acting upon a bre 18 given by:

L TE T
F=| zmdx (4.41)

n

The equation for the stress at any point along the fibre, measured from cither of the free ends, by

dividing the force by the cross-sectional area of the fibre becomes:

e [
.rn 5 —¢lx \
x #
ol ) m———=2 0 = (@42) %
e’ d o !
a g g L
/ x.\
(i i -
12 |72 i

Frouke 4.14: STRESS DISTRIBUTION OVER 4 SHOET FIRKE

This relattonship is illusirated in Figore 4,14, The stress rises lincarly from zero at the end to a

constant maximum at the centre of the fibre and drops back to zero at the other end.

P.LE. Forsyth und L, Holloway defines the critical length I, as;

261 LAXT 7353



djohnson

12— (4.43)

Substituting 4.40 in 4.42 yields the critical length to be:

l=0'fd
< o

m

4.44)

P.J.E. Forsyth gives the average stress on a fibre as:

{
o= 1——1 4.45
T af( . ) (4.45)

Substitute the average fibre stress of equation 4.45 for the fibre stress in equation 4.38 giving the

strength of the short fibre composite i.e.:

!
U=Vf0'f(l—-2—;)+(1—Vf)o'm (4.46)

From equation 4.46 it is clear that, for fibres much longer than the critical length of equation 4.44,

/
the strength approaches that of continuous fibre composites, where the term: (I—ECT) tends

toward unity in equation 4.46, which tends to equation 4.38, i.e. the strength equation for long fibre

composites.

The principle stresses in the ultimate shape flywheel has been determined to be in the plane of
rotation, i.e. in the radial and hoop directions. In the manufacturing of the flywheel, the fibres can
be layered, sprayed or injected to orientate randomly in this plane. Consequently, all the fibres will

not be aligned in the principle directions, but random with respect to them.

The fibres angled to those of principle directions will share the load between the two, in proportion
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to it's angle. It will therefore be reasonable to assume that, as a mean average, half of the fibres will

carry the load in the radial direction and the half in the hoop direction.

The resulting strength of the composite can therefore be assumed to be half that of a unidirectional

laminate and adding an adequate factor of safety will result in a structurally sound design.

4.6 Flywheel Safety

For a complex shape flywheel, a short fibre composite is more suitable for low cost manufacturing.

Assuming a uniform distribution and fibre orientation, the dominant mode of failure will be fibre

pull-out. defines the pull-out work of a single fibre as:

mdrl

24

[
w =(7°) 4.47)

»

;where:

Wj, = fibre pull-out work
I, = critical fibre length

! = fibre length

d = fibre diameter

7 = maximum interface shear stress

The number of fibres per volume fraction can be written as.

N=—1 (4.48)

, where:
N = number of fibres
V; = volume fraction

d = fibre diameter
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Multiplying equation 4.47 with 4.48 gives the total amount of work as:

_TVflc3

= (4.49)
# 241d

During flywheel failure, the energy that can be dissipated by this mechanism becomes:

TV 40x10%0.6-0.05°

= =2250MJ =135kWh
P 241d 4-0.02-0,05

This value is an order of four hundred and fifty times higher than that of stored energy in the

flywheel and the bulk of the structure's energy can be converted to heat and fine fibrous particles.

The effect on the ultimate tensile strength of the composite material, due to fibre orientation, can be
calculated from the results of S. Fara and A. Pavan. They showed that a critical fibre orientation
factor exist, Figure 4.15, at which the component will show shortcomings in preventing crack

propagation though the structure.

This effect will cause large, energetic fragments to be severed off the flywheel structure during
failure, similar to that of elastic material failure. To prevent such failures, the fibre orientation has to

be kept within safe limits in order to reduce the need for expensive containment.

It is shown that even for fibre orientations as low as (.3, the strength is higher than 200MPa. These
values are for short fibres in Polyarylamide and the actual values do not directly apply to glass
fibre-epoxy in this design. It is of importance, however, showing that the strength contribution of

random orientated fibres in the plane is better than half that of 90% aligned fibres.
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Tensile Strenght v.s. Orientation factor
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Ficure 4.15: YVizvp sTeencTH vERsUS. Fmre ormnration. BB, Fara avp A, Pavan]

S. Fara and A. Pavan [34] cites an empirical best curve fit for the ultimate axial stress:

a"~——-[(a‘.i)z-(a“)z'“:(a“)zlz+[1_(?‘)2]21_% (4.50)
(o11) (o11) (o22)

, where:
¢y = Ulumate axial stress [MPa]
a;; = fibre orientation factor to respect the reference system 123

a; = fibre orientation factor to respect the reference system 123

In a similar manner, the composite elasticity is affected, shown in Figure 4.16 and equation 4.51.
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Young's modulus v.s. Orientation factor

E [GPa]
N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Orientation Factor

Ficume 4.16; YounG's MODULUS VERSUS ORIENTATION FACTOR. |5, Fana anp A, Pavan]

-1

(311)2 (1“311)2+( 1 2-v)]

E(ay)={
H E'11 'EZZ GIZ Ell

(4.51)

;where:

Eny = Young's modulus [Gpa]

E;;, E;; = Modulus of elasticity with respect to the reference system 123
a,;= fibre orientation factor with respect to the reference system 123

v = Poisson's ratio

G = Shear Modulus [GPa]

Note that for fibre orientation factors below 0.4, the ultimate tensile strength changes little and
given an adequate factor of safety, the effect on the composite strength will go unnoticed. It is
however important for safety during failure, where the energy contained in the individual fragments
breaking free from the rotating mass does matter. This effect is of high importance in low cost

applications, such as this one.
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J.A. Epaarachi, P.D. Clausen determined empirical fatigue strength data for glass fibre-epoxy,
shown in Figure 4.16. According to the graph in Figure 4.17, the measured fatigue strength of the
glass fibre-epoxy composite is approximately 200MPa at 100 000 cycles, well over twice the
maximum calculated stress in this prototype flywheel.

Eglass/Epoxy fatique properties
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Ficure 4.17: Grass-Eroxy Faticue [J.A. Erasracucm anp P.D. Cravsen]

4.7 Composite Material Properties

The properties of polyester and epoxy thermosetting matrix materials are given in tables 4.5, as

cited by E.A. Avallone and T. Baumeister III

Tensile
K Tglass’ Tmelt’ Tmax
Material  E [GPa] Strength [MPa
] [MNm-3/2] ' [°C] [°C] » [°C]
Polyester 1to 4 30 to 70 0.5 - - -
Epoxy - 2to 5 40 to 80 1 - - .

Tanie 4.5: Proverries oF coMMon MaTrix MATERIALS
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The difference between Thermosetting and Thermoplastic materials is that the latter can be re-
melted and moulded, while the first cannot. The more common thermosetting matrices used in

composites are Polyester and Epoxy. Abbreviations of common matrix materials are listed in Table

4.6.
| Density|{kg/m =
Fibre E [GPa] Strength [MPa] v s Ty or T (°C)
]
,,,,, E-Glass 72 1700 - 2100 = 0.2 2500 1500
AR Glass 70 1500 - 1900 @ - - -
S Glass 80 2000 - 2500  0.22 2540 1400

Tasie 4.6: ProrerrEs oF Grass Foees [R F Post, 8. F. Post, E.A. AvaLLong anp T. Bavmester 1]

The different types of glass is used for the following applications:
e E Glass - All purpose fibre; resistant to leaching in water.
o S Glass - Highest strength and stiffness

® AR glass- Alkali resistant; used for strengthening cements.

Carbon-Polymer composites are made of carbon fibres, either unidirectional, woven, knitted or 3-
dimensionally embedded in a polymer matrix. The polymer matrix can be either thermosetting or

thermoplastic. The majority of carbon fibre is pre-coated or pre-impregnated with the polymer.

Carbon-Carbon (C-C) composites consisting of highly-ordered graphite fibres embedded in a
carbon matrix. C-C composites are manufactured by gradually building up a carbon matrix on a
fibre form through a series of impregnation and chemical vapour deposition. C-C composites are
stiffer, stronger and lighter than steel or other metals. Manufacturing of C-C composites, however,

are prohibitively expensive and the facilities to manufacture these are not generally available in the

26/11/07 82/153



djohnson

developing countries.

Trade Grad Density Stiffness Strength % Strain at
Name rade | [kg/m -3] [GPa] [MPa] . Failure

. G30 1780 234 3790 1.62
. G40 1770 300 4970 1.66
Celion G50 1780 358 2480 0.7
Magnamit AS4 1800 235 3800 1.53
M6 1730 276 4380 1.50
¢ HMU 1840 380 2760 0.7
T-650/35 1770 241 4550 1.75
Thornel T-650/42 | 1780 290 5030 1.70
T-50 1810 390 2420 0.7

TasLg 4.7: ProrertEs oF Canson Fmres [E.A. AvaLiong anp T, Bavmzster [11[36]

It possible to determine the properties of composites by choosing different material combinations
and calculating the resulting properties thereof substituting the manufacturer's data into

equation4.38 and 4.46 gives rise to Table 4.8.

Matrix |Fibre f |E[GPa] E [{GPa] o [MPa] o [MPa]

Polyester |Continuous E- 29.2 3.3 < 30
Glass 0.4 800

Polyester |Chopped E- < 30
Glass 0.4 28 2 300

Polyester |Continuous E- < 30
Glass 0.5 36 3.9 720

Polyester |Chopped E- < 30
Glass 0.5 42 2 380

Polyester |Continuous E- < 30
Glass 0.6 42.8 4.8 856

Polyester |Chopped E- < 30
Glass 0.6 35 2 450

Epoxy Continuous E-|0.4 31 8 800 < 50
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Matrix | Fibre f 'E|[GPa] E [GPa] o [MPa] o [MPa]
Glass

Epoxy Chopped E- < 50
Glass 0.4 30.5 5 600

Epoxy Continuous E- < 50
Glass 0.5 37.5 9.3 1000

Epoxy Chopped E- < 50
Glass 0.5 37 5 800

Epoxy Continuous E- < 50
Glass 0.6 44 11.3 1200

Epoxy Chopped E- < 50
Glass 0.6 43 5 1000

TasiE 4.8: Carcuratep Prorerries oF E-Grass rmry anp THERMOSETTING PLASTIC COMPOSITES

The trend is that the better materials are more costly. Graphite fibre is about twice the price of glass

fibre, though it is four times stronger, resulting in a lower cost per W-h stored.

A composite mixture was manufactured from Pyrograf™ micro fibre and epoxy. Test specimens
were molded, vacuum bagged and tested for tensile strength. These vapor grown fibres has
projected cost of $2 per kg and was designed to be used as an additive to improve the thermal
conductivity of thermoplastics. The objective of this design was to use a low cost, high strength

material, which could be cast into moulds for low cost production of flywheels.

The results were disappointing and the test results are listed in Table 4.9. The resulting ultimate

tensile strength measured was only a fraction of that of the epoxy itself at 85MPa.

Material mixture by volume Breaking force [N] Tensile strengh{MPa]
3 parts VGCF, 4 parts Epoxy 15124 15.124
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I3 parts VGCF, 4 parts Epoxy B i 4012 | 14012

i
i4 parts W%CF, 3 parts Epoxy 1:3??.0 i 13.79
4 parts VGCF, 3 parts Epoxy i 9341 9 4‘
'| parts VGCF, 1 parts Epox},f- 2135.2 | a3 l
1 parts 1'»':G'CF, | parts Epoxy :Clamping bmké ;al'l'lp|ﬂ ~

TanLr 4.9: ExrerrveNTAL VGCF/EPOIY TENSILE STRENGTI VALUES

Closer inspection, see Figure 4.18, reveales that the cured specimens were very porous as gas
bubbles were trapped inside the cured composite mixture. This was despite vacunm bagging the
curing specimens, a process which is generally used in industry to remove air inclusions from

curing composite materials.

A means of eliminating the bubbles from the VGCF composite material has to be developed to be
usable as a structural material. Such a material will be promising in terms of strength and cost, as
the graphitized form of YGCF has a claimed tensile swength of 9GPa and the projected mass

produced price is in the order of R12/ ke,

Ficree 4.18 ;: YGUF-Epoxy Test samvLiey
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4.8 Flywheel Manufacture

The manufacture of the flywheel in one piece was cumbersome. especially with the heat generated
during curing of the thick centre section. The problem was solved partially by splitting the flywheel
in two halves. The cracking reduced significantly, but use of aluminium moulds or adding
aluminium powder to the resin to retnove the heat, will be essential for production. The addition of
aluminium powder to the resin will affect the material properties, which should be taken into

consideration in the design.

{Jnce the epoxy has cured, the two halves are surfaced and glued together with a milled fibre-epoxy
composite, This does not affect the strength of the structure, because all the stresses are limited to
the plane of rotation i.e. perpendicular to the axis of rotation. Using this method, flywheels can be

manubaciured inexpensively. given the basic tools and skills.

For a mass produced flywheel ol uwllimate shape, the moulds can be relatively inexpensively
manufactured with aluminium. The mould surface has to be coated with a release agent, typically
wax. To create the ceniral hole and redoce the curing mass and material wastage, a core of either
wood or 3 reysable aluminium one, is waxed and inserted inte the moeuld. The cpoxy and short

fibres are now measured. mixed and poured into the moulds.

M.D. Afendi, W.M. Banks, D. Kirkwood showed that adding a bubble nucleation agent such as
Scotch—Brite and vacunm bagging reduces bubbles in the infusion process. Vacuum bagging
cansists of a simple pump and a plastic bag to draw a slight vacoutn on the work piece. Once Lhe
work piece is sufficiently cured. it is foreed ounl of the mould with pressurised air and the next cast

can be made. 11 is possible 1o make about two casts per mould per day.
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Shown in Figure 419 are two disposable moulds made from thermoplastic, which caused thermal
cracking in the work piece. The two halves hiave to be surfaced and bonded, using a mixture of

milled fibre and resin, of the same material as the flywheel,

The benefits of this method of manufacturing the
flywheel are that the special shape vields a higher SKE,
reduced material cost and lower overall cost o

production.

Ficiee 4.19 : Dsposause Prastic MOCLDS

4.9 Air Frictional Losses

The air friction losses becomes significant at higher speeds. than that of the preliminary tests. True
analytical solutions do not exist for compressible fluids. Convertional engineering practice is to
assume either i) adiabatic or i) isothermal ow.[16, 36]. To simplify the problem, consider a
rotating cylinder as an infinite {lat plate and the fluid as incompressible for an approximation of the

magnitudes.

The drag force arises from (wo sowrces. The pressure deag Fy and skin friction drag F; arise dve to a
shear stress T;. According to R. L. Dangterty, 1. B. Franzini, the drag coefficient over an infinite flat

plate, as depicted in Figure 4.20, 12 made vp of two parts namely;

i E 5 a
Cop AV Copa ¥

] -

F =F +F = {4.52)

, where:
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Fp = Drag Coefficient

Fp = Pressure drag

F;= Skin friction drag

Cp = Coefficient of pressure

C; = Skin friction coefficient

p = density

V = Velocity of fluid over body and

A, = characteristic area for shear

-,

,

Sy Turbulent
%"

Laminar S

Laminar B Fransition Turbuient i

[

Ficure 4.20: Bouvnpary LAYER ALONG A SMOOTH FLAT PLATE[ R. L. Davererty, J. B. Franzmv]

The boundary-layer thickness and skin friction drag may be calculated with the following equation
[R. L. Daugterty, J. B. Franzini]:

pV-X

R = (4.53)

, where
R, = Reynolds Number
X = distance from edge (in the case of a rotating cylinder this approximates infinity)

4 = dynamic viscosity = 2.025X10° N.s/m2 for air at 20 °C
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R. L. Daugterty, J. B. Franzini describes Laminar Flow:

5]
;=5-2‘\/;, for0<Rx< 5X10° (4.54)

C,=1382yR, for0<Rx< 5X10°  (4.55)

From equation 4.52, an infinite plate, in this case a rotating cylinder:

. &
lim 3 {}
X-—san X (4.56)

, because the surface of a cylinder does not have a starting edge.

It is concluded that it is safe to assume that the Reynolds number will be smaller than 5x10° for

all subsonic speeds and the flow will be laminar for the pressure drag component.

It is known that the fluid adjacent to the boundary of the plate is stationary irrespective of the

surface roughness. For laminar flow CD is given in table 4.9.

Re 10 102 103 104 10° 10¢
Co 0.838 0.265 0.0838 0.0265 0.0084 0.00265

TabLe 4.9: Skiv Drac Corrrcients ror 4 FLAT PLATE [R L Davcrerry]

For the skin friction drag X = circumference of the Flywheel and V = the surface speed, given by:
X=mwD (4.57)

, and
V=mD-w (4.58)

, where:

D = Diameter of cylinder

w = angular velocity
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Substituting in equation 4.55 and assuming turbulent flow will commence for R,= 5x10° ,

2
c ___1.2961er

4.59
f 2025x10° (459)

assuming a density of 1.296 kg/m’ at 1 bar and 20 °C. The power loss component of the surface

drag is given by :

P =Tw = (4.60)

Air friction Power Loss

35

e
- P R
)

Power Loss [W]

05

01 R : : : T T
0 20 40 80 80 100 120 140 160 180

Angular Velocity [rad/s]

Ficure 4.21: A Fricrion Loss For FLYWHEEL AT LOW SPEEDS

Substituting equations 4.52 to 4.59 into 4.60 gives:

C +C.lpA n*-Dw’
PD=[ ot Cele 4s (4.61)

For the speeds at which the cylindrical model has been tested i.e. < 1500 rpm (or 157 rad/s) the

calculated air friction losses are shown in Figure 4.21.

It is therefore essential that the air frictional drag is minimized if the energy in a flywheel system is

going to be stored for any length of time, with a small sized machines, and high efficiencies.
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The frictional component from air friction can be eliminated by evacuating the flywheel housing,
but it is difficult and expensive to sustain indefinitely, due to the dissolved gasses in the metals, the
porosity thereof and leaking though the seals. One possibility is to reduce the pressure and using a

near ideal gas e.g. Helium.

Substituting the air with helium at 0.5 bar reduces this frictional component from 3.75W to 0.28W

@ 1500 rpm, a reduction of 92.5%, shown in Figure 4.22.

He friction Power Loss

AN
1717

Power Loss [W]

T 17T

a E— T T T T T T
1] 20 40 60 80 100 1206 140 160 180

Angular Velocity [rad/s]

Froure 4.22 ¢ He Friction Loss For FLYWHEEL AT LOW SPEEDS

The air frictional losses described by Y. Suzuki, A. Koyanagi, M. Kobayashi, R. Shimada was in
the order of 10W @ 4000 rpm with He at 1 bar for a flywheel of 378mm diameter, which correlates

well with this theoretical estimate of equation 4.61 for 0.5 bar Helium.

The losses for the ultimate shape flywheel will be less than these calculated, because of the conical-
like shape and the average radius is less than that of a cylinder. The calculation is complicated by
the cross flow over the length of the flywheel by centrifugal action on the gaseous fluid from the
inner to the outer radius over the profile. It does however give an indication of the expected

theoretical frictional loss due to friction with the surrounding atmosphere and the improvement of
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using a low pressure Helium atmosphere.

4.10 Conclusion

® The material requirements have been optimised for a practical flywheel requiring a central
hole.

e The safety considerations of flywheel storage has been addressed by using less material
more effectively, combined with the inert nature of composites, the energy absorbing nature
of the fracture process, the fibre orientation factor on composite strength and the fatigue
effects of cyclic loading has been taken into account.

@ An inexpensive manufacturing method was proposed to implement the M. Berger and L
Porat- ultimate shape flywheel, within the manufacturing capabilities in the developing
world.

® The friction reduction benefit of using a low pressure inert gas atmosphere has been

addressed.
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5 Chapter 5 - Drives and converters

5.1 Introduction

The electric machine used has specific drive requirements to operate properly. Two topologies are

investigated namely three- and single phase brushless operation.

The permanent magnet synchronous machine requires that the drive has to keep the MMF frequency
in synchronism with the position of the rotor's magnetic field. The magnitude of the back emf
generated by the machine is speed dependent and the consumer side voltage has to be matched with
that of the machine. Furthermore, the low inductance of the iron less stator requires a very fast

current response in order to protect the semiconductors and motor windings.

Commercial drives available at the time of writing have an under voltage cut out, too high to be able
to drive and start up the machine without causing serious over currents. Commercial drives are often
prohibitively expensive for this application in developing countries. A custom drive and control

system is proposed with simplicity, cost, ruggedness and availability as the main criteria.

DC-t0-DC converters are discussed in order to show some topologies of converting between the

variable voltage level of the motor/generator side and the demand/supply side of the the consumer.

5.2 Objectives

The objectives are:
e To investigate commercial drive topologies applicable to kinetic energy storage.
e To propose custom control schemes to control the machine.

@ To build and test controllers on the machine.
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5.3 Control Topologies

5.3.1 Introduction

The control topologies investigated are the following:

e Micro processor based controllers

e Hall effect integrated bipolar controllers
e Discrete logic control

@ Current control

e Analog control

5.3.2 Microprocessor based control

A microprocessor controlled H-bridge drive was designed to drive the machine.

The advantages offered by this configuration are:
e Simple and inexpensive
® Software configurable

@ Programmable protection

An .- TMEL AVRMegal28 microprocessor was used on a backplane PCB, interfacing to the
peripher:éis by means of riser boards. This configuration is convenient for development, as it can be
used for many applications by changing the interfacing boards. The backplane schematic and pc

board layout are shown in Appendix IIL

The backplane bus, consisting of three 32-pin connectors, has a ground, supply voltage to the board,

processor voltage and selected IO pins connected in parallel. Two edge connectors were added to
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access the remainder of the IO pins to the processor.

The riser boards supplies the interfacing peripherals, required to drive any possible application. For
driving the brush less machine, two analog-to-digital pins were needed for the hall probe and
temperature feedback. Furthermore, four output pins to drive the upper and lower transistors of the

H-bride. The MOSFET gate supply was supplied from two 220V-t0-2x12V PCB mount

transformers.

The gate drive riser board was built on protoboard and consisted of an opto-isolator, transistor
smoothing capacitor, diode, zener diode and a few resistors. Shown in Figure 5.1, the drive signals
are applied to the photo diode side of the opto isolator, which in turn, pulls down a pull-up resistor,

which keeps the transistors T1 and T2 on, to the reference level ie. the mid point and ground

respectively.
AC BUPPLY
DC LINK
A o)
£
T ]
oKt 2T Si @ l*—
O—A——1 1w
raTer X 2 15'(_ : A2 T 'ISH
l] v O PHASE OUT

srid—®
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vy

Af,
Liiil

29 az
R?

o2
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Froure 3.1: Two Puase Drive ScusMatic Diacram
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This in turn enables the pull-up resistors, R1 and B3 to ontput a gate drive voltage to the Mosfet
though a 10 Ohm resistor. The supply voltage to the gates are supplied from an external
mansformer, as the DC-link voltage can be below the minimum drive voltage for the Mosfets. The
ground of the upper Moslet is referenced 1o the mid point of the inverter leg, in order to always have

the gate supply 12 Volis above the Mosfet source.

The hall probe und temperature sensars were both supplied from the same 5V as the
microprocessor, 30 their outputs were fed directly to the microprocessor via one of the riser
CONNECIOS.

5.3.2.1 brush less machine operation

Three phase topologies

Severil commercial controllers exist to control three phase brush less machines. The lollowing were
comsidetcd and cvaluated.
e MSK4A4T0O/

» SASZE
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e MO3Phao

5.3.2.1.1 MSK4470/1

The MSK447x series controllers are full featured single or three phase controllers. It features an

impressive performance with low inductance machines, but not suificient for this application

without the addition of a small inductance. The integrated circuit contains the control, drive and

switches imternally and requires minimal external components.

These controllers were developed recently and were intended for military nse, ressons guoted lor

the high cost thereof. Depicted in Figure 5.3 is the schematic of the MSK4470. showing the

sophistication of the drive,
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Figuee 5.3 MSK 4470 ScHEMATIC

These drives will be a good wurnkey solution for this flywheel application, however the high cost

thereof disqualifies it [or low cost applications such as this one.

26711407

O7/153



diehnson

5.3.2.1.28A828
The 5AR2E ix the replacement integrated circuit for the obsolete MABIR controller. It 15 a
sophisticated single or three phase PWM drive which is controlled from any microprocessor or
discrete logic input. An existing 8051 based board was used to control the MAE2E, however, the

drive current had to be controlled externally to prevent over cuwrrents in the machine. The block

diagram for the SA82E il shown in Figure 5.4,

An available laboratory implementation of the MABIE and a KIBS54 prinmed cirenit boards are

shown in Figure 5.4 .

i

E

Ficure 5.5 : MAR2ZE avp S051-pasin KIBOSS CoRTROLIER BOARDS
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The drawback of this device is that it is al the end of it's manwfacouring Tife and moce recent

imtegrated circuits will be better suited for new designs.

5.3.2.1.3 MC3PHAC

The MC3PHAC is a DSP based single or three phase PWM cantroller that can be operated in either

stand alone or PC control mode,

As a single phase machine. the stator windings only consists of two coils instead of three, which are
alternately switched in synchronism with the position of the rotor field, Shown in Figure 5.6 is a

MC3PHAC board, designed to [ the AVEMegzal2s backplane board.
Tt g - g W

Frorre 5.6; MO3Prac neivic

The advantage of this configuration is that it is simpler to control and easier to manufacture around
the confined space around the heat pipe in this application. Fewer switching devices are required Lo

drive the windings i.e. either twu vr four, depending on the configuration chosen by the designer,

Some disadvantages are that the rectified DC side has a much higher ripple when generating, which

in turn requires larger [iliers and produces higher torgue pulsations. The latter will contribute to

higher vibration of the radial magnetic bearings.
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5.3.3 Hall-effect sensors bipolar integrated circuits

The UGN3235 Hall effect sensor lends itself favourably for simplicity, ease of use and low cost.
The hall probe is mounted inside the magnetic field of the Halbach array and connccted to external
power transistors to drive the brush less motor. They are often found as direct drive devices in small

brosh less dc fans, The manufacturer's suggested circut is shown in Figure 5.7,

Shoricomings of the manufacturer's suggested circuit is that it is unidirectional and the high on state
losses associated with the Bipelar Junction Transistor. Alse. the hall device is limited to operation
between 4 and 24 volts. These limitations can be overcome by replacing the BJT's with Mosfets and

adding a separate supply to the Hall switch.

A more practical drive circuit is shown in Figure 5.8, with the Mosfet protection components not
shown. The hall device requires a separate sopply, higher than the zating voltage of the Mosfet
used. Two totem pole gate drives are used to switch the FETs. freewhceeling diodes, zener clamps
and snobber circuitry is required to protect the FET's from spikes gencrated by the stray inductance

on switch off.

=
l

Frocore 5.7 UGNA23S npusim Limss naivic

Power Mostet's generally have built in body diedes, which will allow for this circult to work in

bidirectional mode, i.e. an uncontrolled rectifier in generdion mode.
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Ficere 5.8: Dywerovep UGNI23S uxusy viss ¥losoor Deeavie

5.3.4 Discrete Logic Control

The discrete logic controller is based on the use of elementary logic devices to synchronise the

switching devices to that of the orientation of the magnetic field in the machine.

The discrete logic control switches the DC current between the motor phases in the sequence shown
in Figure 6.3 and Table 6.1. The voltage wave shape is stipulated by the mator hack emf, which is

approximately sinusoidal for the approximated- and exact for a pure Halbach array.

The discrete logic control system consists of the following sub components:
e Optical Encoder
s  Commol logic

o Transistor drivers

Due 1o the movement of the magnetic bearing,” a non-conlact rellective lype optlical switch sensor
was used. A reflective encoder layer is bonded or painted onto the fiywheel and the sensors

moutiled in close proximity.

For a given direction, the firing sequence remains unchanged |Fig 5.3 Table 5.1|. Ta determine the
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logic circuitry for the encoder, Table 6.1 has o b transbated 1mo the truth table shown in Table 6.2

Angle Tas "TA- Te Te- Tes Te
o 1 o o | 0 0
6 1 o o 0 0 B |
120 0 0 I 0 0 |
R o \
240 |0 | 0 0 T
300 0 o 0 | l 0

Takrk 5.1: TwerTH TABLE FOR A-B-C PHASE SEQUENCE

This sequence is generatcd by connecting six optical swilches directly 1o the Semikron MOSFET
driver inputs through an inverting Schmitt-trigeer, usimyg two wacks with a 120 degree on and 2440

degree off sequence as shown in Figure 5.9.

The optical sensors are placed 60 degrees apart, alternating between
the inner and outer track. A Schmitt-irigger 15 used Lo sharpen the

pllse to the clock the AND gates.

Ficoer 298 Two Tuack Esennek

From inspection of Table 5.1 it becomes apparent that there is u 120
degree repetitive sequence. This allows the circuit 1o be reduced into
a single wack, 3 sensor configuration, alternating between the
positive and negative legs of a bridge rectifier.

Ficure 5,10: SINGLE TRACK ENCODER
Detecting the direction of rotation is done by comparing the status of the other lwo inverter logs .
This can be achicved by combining J-K Flip-flops, (Tuble 5.2) AND pgates (Table 5.3) and NOT

into a logic cireuit that conforms to this requirement and uvses a single track encoder, shown in
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Figure 5.1{), and three optical sensars.

Clock ' J K | Set | Clesr @ 0 0
B 1 X | o o 0 l ‘ 0
1 x 0 0 0 l 1 ‘ 0
1 0 X 0o 0 0 0 !
1 X 10 0 1 | o [ 1
9 X X 0 0 X No change

X X X 1 0 X | 1 ! o

% | N x i 0 | 1 X 0 1

* | %= x| 1 | 1 X 1|

Tamr 5.2: J-K Foe fror TEUTH TABLE
Al any one time only two input signals can be low, The cireuit vses 15V logic devices, conforming
o the 15V requirement of the Semikron drivers used, as well as giving the system higher noise
immunity, For the flywheel 10 start up successtully, the state of the different flip-flops have to be

relayed o each other.

o e
i [T R =
dutol I 2 i Phase 1H

oy : | )
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e e
_ [ 54t l
ﬂ%_‘b =] L _Q!_ Fhase 21
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Fisuee 5,.11: Dhsceete Logic cieouir For BRUSH LESS D oPERATION
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Furthermore there is no indication of the orientation of the magnetic field. Firing the gates in an
assumed direction of rotation will cause the motor to start rotating in the reverse direction when the
magnetic field be 180 degrees out of phase to the assumed position

To ensure successful start up, the firing sequence has to be auto-correcting. Figure 5.11 shows the
logical circuit and links between Q) to K and € to J of the flip-

flop prior to it in the sequence.

Shown in Figure 5.12 is the top view of the optical encod

assembly, mounted on a transparent Acrylic {Perspex) cover,

Frzvgre 5.12: ReFLecTive Excoper

Shown in Figure 5.13 is a protoboard prototype that was buyilt and tested on the motor. The light

cmitting diodes (LED's), on the lower right, were added for debugging and setup purposes.

This circvit started the flywheel up reliably on a single reset.

The availability and low cost of E-bit mic

controllers makes them wery attractive for this
application. Micro  controllers  require  position
feedback from the motor. Some alternatives arc
zero crossing, optical switches or hall effeat
SENsS0rs,

Froure 5.13: DiscreTE LOGIC CONTROLLER BREATHOARD

The device has to be started up from zero volt back emtf, zero crossing detection will not give any
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feedback at this point. It will also vary over a wide range of operating conditions, which can be

catered for in the design. Start up trials showed that the inertia of the flywheel is too high to start up

successfully by giving it a low frequency MMF.

Optical feedback is possible, but the less expensive slotted types are difficult, if not impossible to

use. This is due to the movement of the rotor at low speeds on the magnetic bearing, caused by

mechanical and torque imbalances.

The hall sensor feedback was implemented for this application. It provides real time analog

feedback of the orientation of the field and with a little control logic, can be limited to one device to

get accurate position feedback.

Due to the low inductance of the motor windings, a way of limiting the current in and out of the

machine is needed. In order to maximize efficiency and lower cost, resistive and inductive

5.3.5 Current control

components should be avoided or limited as far as possible.

The dc-dc converter has the following requirements:

Current limiting
High efficiency
Low cost

High speed response

Maintainable in the developing world

Types of control were investigated:
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e Digital
® Analog

5.3.5.1 Digital current control

Digital processing for control of DC-DC and DC-AC converters can be achieved by various digital

Processors.

The main concern in this application is the speed limitation of the Analog to Digital (ADC)
converter incorporated in microprocessors. Regardless of how powerful the processor is, the
minimum response time is determined by the speed at which the feedback data can be converted.
Over and above this time, a finite time will be required to process the data and adjust the output to

the controlled device.

It is possible to add inductance a circuit, which is likely to be required in any case for a DC-DC
converter. The question remains whether it is possible to avoid adding unnecessarily additional
parasitic components, to patch the problems imposed by the low inductance of the high efficiency

machine.
The issue at hand is whether it is worth the expense to add a more costly processor into the circuit,

which has the additional limitation of the ADC conversion time, while proven, simpler and more

cost effective analog means exist that does not suffer from these limitations.

5.3.5.2 Analog current control

Analog control by means of basic electronics has proven itself over many years. A simple op amp
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based controller can be built inexpensively and outperform digital based controllers.

While lacking the adaptability of digitally controlled circuits, which can be programmed to suit the
application, many off-the-shelf controller IC's are available for most power converter applications

and are hot configurable by adding control potentiometers to the circuits.
5.3.6 5.Analog Control Techniques

5.3.6.1 Introduction

Analog control has an excellent track record for all kinds of applications.

Analog controllers generally come at a lower premium, are highly configurable, simple, readily
available and serviceable in the developing world. As mentioned above, the response of analog
control outperforms any digital controller due to the instantaneous nature of the feedback, without

the time lag introduced due to the analog to digital conversion and processing.

5.3.6.2 LM1578 series controllers

The LM1578A is a switching regulator which can be set up for DC-to-DC voltage conversion
circuits. It uses an internal comparator, the output can switch up to 750 mA and has output pins for
both the collector and emitter. It features an external current limit terminal which can be referenced
to the ground or input voltage terminal. It has an on board oscillator, which is adjustable from 1Hz

to 100 kHz. Feedback for current limiting can be added.

This controller is inexpensive and requires little external components to function. Shown in Figure
5.14, is a suggested circuit from the manufacturers for a buck-boost configuration and an external
BIT power transistor. To lower the on state losses, the circuit has to be adjusted to utilize a

MOSFET.
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Ficure 5.34: Namionar LM1578 Buck-Boost DC-DC Converrer.

For use to as a bidirectional converter, modifications are required.

5.3.6.3 555-Timer Based Controller

Configured correctly, the 555 timer can be used as an analog DC-to-DC converter controller. Using
the built in analog comparator, the output duty ratio can be modified through a voltage divider

connected to the output of the converter.

Inéjt 10pH -
L1

Output

4rigot

.||_ﬁ n..__
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Ficure 5.15: SpvrLg 555-Basep Boost CoNvERTER.

Shown in Figure 5.15 is an basic circuit for driving a boost converter using a 555 timer. The output
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drives a Mosfet with a totem-pole arrangement and the switching frequency is determined by the
clock supplied to pin 2. Note that it requires an external clock to operate which can be either another

555-timer or other means of clock generation.

5.3.64 LTC3780

Linear Technology advertises the LTC3780 controller for exactly this purpose . The design notes
claim efficiencies higher than that of a SEPIC converter approaching percentages in the upper
nineties over the operating range at low loads. The manufacturer's schematic diagram is shown

inFigure 5.16

Froume 8.16: LTC3780 BDIRECTIONAL SYNCHRONOUS CONVERTER

This layout is essentially two back to back series connected buck-boost converters. The advantage

of this topology is that it is bi-directional, which is required for this application.

5.4 Converter Topologies

5.4.1 Introduction

Due to the variable speed nature of the flywheel, due to variations in stored energy, the voltage

levels of the utility will have to be balanced with that of the machine.

While it is possible to apply kinetic storage as a AC uninterruptable power supply (UPS), it is
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* assumed that the battery will be servicing a DC utility e.g. a solar installation or DC wind turbine.

In the case of a UPS the inverter drive usually has a DC-bus before the inverter.

It is therefor important to look at DC-DC converters in general as well as finding the most

appropriate converter topology for this application.

5.4.2 Buck converter

N. Mohan, T.M. Undeland and W.P. Robbins gives a good description of the Buck converter. Buck
converters are used to lower DC voltages with high efficiencies and are easy to control. Being a
unidirectional device, buck converters are not suited for this application, however, it may be used in
cases where the motor and generator are separate machines and serves as a foundation for what is to

follow.

The principle of operation is to lower the voltage by chopping the input voltage. The output current

it filtered with an inductor and the voltage by a capacitor, shown in Figure 5.17.

Input 100mH
(%) e s ™ @
Output
A
N
GND
& )
GND

Ficure 8.17: Buck CONVERTER

5.4.3 Boost converter

The boost converter, as described by N. Mohan, T.M. Undeland and W.P. Robbins ,works on the
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principle of shorting the output current to ground and allowing the current to boost the output
voltage using the energy stored in the inductor. The inductor serves as a current filter and capacitors
on the output are added to filter the voltage. As in the case with the buck converter, the boost
converter (Figure 5.18) is unidirectional and not suitable for use on it's own. In order to achieve

bidirectional conversion, a buck- and boost stage can be used in tandem, sharing a common

inductor.
Input 100mH
& A D
Cutput
25kHz
> ol
foe ] o]
=f
GND
@ @
GND

Ficure 5.18: Boost ConvERTER

5.4.4 Synchronous buck boost converter

Using the two synchronous buck converters in tandem, sharing a single inductor, a 4-switch
converter can be constructed allowing bi-directional power flow and voltage conversion to suit the

requirements for both sides.

The generalised form of the converter is shown in Figure 5.19.
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Ficure 5.19: BIDIRECTIONAL SYNCHRONOUS CONVERTER.

The voltage conditions will dictate in which modes the DC-DC converter will operate.

5.4.5 Tapped inductor converter

F.A. Himmelstoss & P.A. Wurm propose bi-directional converters using tapped inductors for

achieving high input to output voltage ratios.

In Figure 5.20 consider V, as the motor/generator side and V, the consumer side. In an application
where the consumer side voltage is always higher than the motor/generator side, Q, can be omitted,
as no boosting in the direction of the motor/generator will be needed. If the consumer voltage is on
the lower side, however, it is likely that the boost switch, Q,, will be needed if deep discharging is
required, otherwise it can be omitted and the bottom useful limit will be equal to the consumer side

voltage.
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Ficvre 5,20 : F.A. Hovvmrstoss & P.A. WurM BOOST CONVERTER

5.4.6 Non inverting Buck-Boost converter
By using a buck and boost converter in series, a non-inverting buck boost converter can be created,

sharing a single inductor. It is essentially the same as the bidirectional synchronous converter in

Figure 5.19, with switches S, and S, omitted.
Shown in Figure 5.20 is an actual converter of this type. It was done as part of a commercial

prototype design for a local company. The specifications are shown in Table 5.3:

Rated Power 100kVA
160 to 1600 Volt
2 variable speed inverter

Input voltage

Load
drives
>80%

Efficiency
TasLg 5.3;: DC —~ DC ConNvERTER SPECIFICATIONS

113/153
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Fisier 521 +) BUcK BOOST CONVERTER o} Covverter cosyEcTER TO I00KW wesisrre 1 0an

Shown in Figure 5.21a is the actual converter, not showing the inductor. Figure 3.21b shows the

converter connected toa 100 kW resistive load.

5.5 Feedback

5.5.1 Signal Conditioning

Feedback signals are mostly guite different to that which is required 10 drive the power side of the
drive. Often the signals contain noise, are distorted, has the wrong voltage levels and lack the

power capability to drive the power side and combinations of these.

As an example, reflective type optical sensor used in an infra red light emitting diode, (LED) which

switches the photo-transistor on when a reflective object is brought into close proximity.

Shown in Fgure 522 is the circuit representation ol an optical switch. The pholo ransistor 1s

triggered by the reflection of the infra-red LED.
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This circuit on it's own was unreliable as the photo-transistors would not always switch between 15
and 0 Volts. but the high and low states was as low as 13- and 9 Volts respectively.

15v
= 1

THEE
UAuT

Fuiune 5.22: Ornicar SExsor CONFIGURATION

Conditioning of the signal is required for the signal to switch the Schmitt-trigger.

The requirements for the circuit are:
e  Widen the outpm voliage

o Convert the output voltage to the logic devices” range

This can be achieved by using a simple inverting operational amplifier, as described by P. Horowilz
and W. Hill, giving il a sufficiently large gain and driving it into saturaton. (It resembles a Schimiit-
trigger, except that it is tunable). The configuration in Figure 5.23 will swilch beiween an output
voltage of 2 and 13 volts for any input signal switching between an upper limit of 11 o 15 Volis

and a lower limit of Zero to 8 Volts,

The output of this conditioned signal is already inverted, thus it i1y passed through two inverting

Schmit-triggers instead of one. Stringing of the Schmitt-triggers in this way makes the rising edge

of the pulse even sharper, a desirable auribute mn digiral logic circuits.
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Shown 1o Fizure 5.24 is the heat pipe. with copper windings and the hall effect probe for magnetic

[ield sensimg.

5.6 Conclusion

o Drive topulogies for driving single and three phase winding armungements has been
investizated and selected confisurations were Lested,

e The advaniages of analog and digital current control ways discussed

o The general methods for DO-DE conversion available has been investipated.

» Lhe series connected buck-boost topology was built and tested.

o The converter chosen should be both hidirectional and corrent limiting, thus the commercial
off the shelf L1C3780. shown in Figure 5.19. will he the most viahle solution. The
LTC3780. however, canngt operate right down to zero volls, thus g custom controlling

circuit ¢.g. A micro controller , should be wsed insiead.
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6 Chapter 6 - Implementation and Experimental results

6.1 Introduction

A prototype flywheel was constructed along the principles outlined above, Several pitfulls were
encouniered and adjustments to the design were made in order to obtain 2 working prototype, The

hlack diagram in Figure 6.1 outlines the sworkings of the electromechanical battery system.

Solar Dic line
Array ¢ o Usear
De -DC
fen
Converter
Fhywhesal /
¢ Ccbus PM Motor

Micro . ; Mg‘ -
Controfier » it I \\.,@ﬂ.'f

f Invarier |

liigure 6.1: Block Diageam of the flywheel system

6.2 Objectives

The ubjectives of this scctian are:
o To address the issues, not vet covered, in designing a working systemn
o To physically venly the pnnciples of the design variables outlined in the preceding chapters,
o Identfy the shortcomings and pitfalls in the design
o Rectily the shorlcomings and make recommendations for future work.

e [etermine the maching characteristics

6.3 Housing

The housing, shown in Figure 6.2, was manufactured from a section solid steel pipe and the bottom

permanently capped by an air tight weld.
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The following criteria was used to determine the housing:

The housing had o be strong encugh to contain the moving parts in case of catastrophic
failure

The housing has 1o be massive enough to absorb all the heat generated in a fracture without
weakening the structure.

The structure should have encugh abrasion resistance o withstand the abrasion of a fibre
compaosite, whether fractired or not.

4. A standard pipe section will be used lor the cylindrical part.

To calculate the expected maximum temperature of the housing and disintegrated flywheel the

following assumptions are made, with the error on the safe side:

The flywheel debris and the enclosure will assume the same final (emperature.
The heat transfer is adiabatic, i.e. no heat is given

wiy 1o the envirenment,

Both the flywheel and the enclosure are at ambient temperature
before fracture,

No additional energy enters the systemn once the flywheel

fractures.

Fiocr: 6,2 3 PROTOTY P IOLSING

The energy balance for the system before and after fracture is:

Total Energy before fructure=Toral Energy after fructure

Because both the tlywheel and enclosure are at the same temperature before fracture, the only heat

ransfer is the conversien of all the kinetic energy of the flywhee! to heat and given in cquation 6.1:

z_':.Q=(mI-cI+mF-cg]-.ﬂT 6.1
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. where:

£ ¢ = Change in thermal energy in flywheel debris and enclesure
my = mass of flywheel debris

fir, = enclosure mass

¢; = dpecific heat flywheel debris

¢, = Specific heat enclosure

The stored kinetic enerpy of flywheel before fracture can have a maximum of 3Wh = 1080k]. All
of this energy pets converted to heat when the system reaches equilibrium after fracture. Solve for
AT in equation 6.1:

AT = A0 6.2

{m_,_~cj_+m{-ce]l

The mass of the mild steel enclosure 15:

(D=1 2_ a2l
; ._HP:WLM 234

0,23 7800=6.62kg 6.3
4 4

H{ =TT~

The resolting rise in temperaiure of the enclesure then becomes:

AT= il —225K 2

(2.3-0.84+6.62-0.45)

In other words, the rise in temperature for the fractured flywheel and enclosure will he 225 K above

ambient, which is well within the working temperature of mild sleel.

6.4 Flywheel

The prototype flywheel was manufactured from glass reinforced epoxy. The original intention was

to have the flywheel manufactured in one piece. but several attempts by different local
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manufacturers proved this to be very ditficult to achieve. The main problem was thermal cracking

due to the thickness of the work piece.

i was then opted w manuiacture the [y wheel in two halves and bonding them together with malled
fibre-epoxy composite. This howeyer sill proved 1o be difficult, because ol the size of the curing
gpoxy structure. The process being exothermic still resulied in cracking of the models. It was then
hand layered, in stages, 10 minimise the heating problem. The layering and bonding are justifiable
since the streésses are all perpendicular to the axis of tolation and in the plane of the glass layers,

which is in line with the design parameters determined by M. Berger and L Porat.

Fisurs 6,3 Frywoesn, rrOmomre

For mass production, the moolds need 10 be made of aluminium for heat removal and a core vsed 1o
pretorm the hole. The latter also serves to minimize Lhe bulk at the centre of the flywheel, in order

to minimize heal generation during curing as well as reducing the total material cost.

This photograph shows the prototype flywheel in Figure 6.3, It was manutactured from E-glass and

Epoxy for g toal capacity of 300Wh at 20 000mm,

6.5 Hybrid magnetic beatings

Because ol Lhe layoul, chosen according to the combined geometries of the motor generator, the
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magnetic bearing and the thermosyphon, many problems were encounlered.

e The struy magnetic [lux from the Halbach array interucted with the lid, resulting in large
eddy current losses

» The bottom magnetic bearing was located oo close to the steel structure, resulting in poor
operation

e The top magnetic bearing interacted with the magnetic field of the Halbach array, resulting
in eccentricity of the top magnetic bearing and physical interference with the stator.

e Furthermore, with the bottom magnetic bearing in such close proximity 1o the bottom cover,
being magnetic, aggravated the problem, as the magnetic bearings need reasonable good

alipnment 1o work properly.

As g [irst attemnpt, a means of providing alternative paths tor the stray ficlds was implemented.
\ P T /
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Ficuer f.4: Fivme Eveviest REsULTS Fos Al asvD STEEL MacyeETic Paths

The finite element results for this particular configuration showed that an increase in repelling force
in the magnetic bearing was obtained with a litle trial and error. The Finite element result in Figure
6.4 shows the decreasing flux in the magnetic plate below the bearing and the increase in flux in the
air space between the inner and outer magnet, This improves the effect of the radial magnetic

hearing.
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With thas principle applied, a smaller magnet fo

the radial magnetic bearing can be used, lowering

the cost of production,

Ficure 6.5 :MAGNETIC SHIELD FOR BOTTOM BEARING
The same Finite model was used for both cases and the properties of the cup was interchanged

between air and soft steel, The shigld is shown in Figure 6.5.

It was investigated whether the skewing effect would disappear at higher speeds. LD Sticnmever,
S.C. Thielman and B,C, Fabign showed that, at higher speeds, magnetic bearings automatically find
an equilibrium between the magnetic centre, the geometric centre and the centre of mass, An 850W
external drive was connected though the side of the flywheel housing, but all attempts were

unsuccessiul,

Roller beanings were inttoduced to enforce partial alisnment of the upper bearing until satisfactory
speeds could be reached. IL was ohscerved on the filament wound prototype, thal the amplilude of
flywheel vibration reduces as the speed increased past the second natural frequency. This point
could not be rcached on the new shape flywheel. due to excessive losses in the conventional

bearings. as compared to that of the hybrid magnetic bearing and the power of the electric machine.

During the physical alignment the upper magnetic bearing, it was observed that the system was
statically stable, while the botlom magnetic bearing was not in place. The possibility whether
dynamic stability was possible. using the existing journal bearing in combination with the top radial

magnetic bearing. The expected stability should be achicved by the gyroscopic effcet of the rolating
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tflvwheel nn the journal bearing and the precession limited by the upper radial magnetic bearing.

During low speed operatien the bottom bearing wandered, cspeciatly when the skewing of the upper
bearing in this configoration was present. Consequently, it became apparcnt that a profile 1s necded
on the journal bearmg to guide the flywheel 1o the centre at low specds. It should still be flat enoogh
for minimising [riction at higher speeds and be within the wlerance of the dynamically stable point

uf rotation,

The profile can be determined from elementary physics. Consider Figure 6.6 where it is given that a
mass M with a curved surface of radius R is resting on a small sphere of radius r. Furthermore that
the degrees of freedom |[DOF]} are only radial and axial, and kept in the rotational plane of the
flywheel by it's gyroscopic effeet and tilting sufficiently limited by the upper magnetic bearing. F is

the vertical force exerted by the mass of the lywheel on the joumnal bearing,
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Frovae G000 CosricrvG FORUIS ON CURVEDR JIURMAL HEARING %1 RIACTS

For a small movement from the cemtre, & L, the resultant foree normal onto the plane of contact is

given by Fon at an angle of & & isa funetion of B, rand & L:
e=f(r,r,6L) 63

and can be defined for any two curved surlaces in contact.
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For a spherical curvature resting on a small sphere and a small movement d L off the centre, the
puint ol contact will be st §L + 4! from Lhe centre and normad to the are B

SLE8I—(R+r]-0 6.6

The normal force perpendicular to the surlace becomes:

b
Fo=

6.7

i
The cocrecting force, Fe, acts towards the contre, Le, the sine o F. Subsilute in 6.6 w et

F-sing

Fc=f~'”-.\inﬂ= £

cos8

For small angles sind@=# and co050=1 | thus equation 6.8 becomes:
F.=F -g=F1 6.9

. where:

Fe = correcting force

F = Force exerted by flywheel

0 = displacement angle in radians

For the J.D. Stienmeyer, 8.C. Thielman and B .C. Fabien hybrid magnetic bearing, the centre of
rotation 15 an equilibrium between the geometric-, magnetic centres and the centre of mass. With the
addition of a profiled journal bearing and omission of the lower radial magnetic bearing, the
flywheel is free to spin like a top. The bottom profiled journal bearing centres around the profile
centre, geometric and the centre of mass and the mdial magnetic bearing hmits the precession and
act i1 the same way as the Stienmever model, Using eguations 6.6 10 6.9 allows [or the design of an

arbitrarily stff, self centring journal bearing.

The improvement was significant, though at the first order resonance, the added skewing, cansed by
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the interaction of the Halbach array and the upper magnetic bearing, resulted in permanent contact
with the limiting mechanical bearings. Again. the self centring effect was not observed as adequate

speeds could net be reached.

6.6 Thermosyphon

The thermos yphon was constructed of a combination of non magnetic stainless steel and pyrex glass
tube. The glass was mechanically inadequate during assembly of the magnetic bearing. The F'].frv:xTM
tube was replaced by a ibre glass-epoxy tube, shown in Figure 6.7, resulting in higher strength and
toughniess. however also much higher thermal resistance between the windings and the cooling

medivm inside the tube.

The thermosyphon was [filled to about one third with Acetone, having a boiling point of 56.3 °C.
The temperature on the windings was measured using a LM35Z probe. The comroller monitored the

winding temperature and a thermal cut-out temperature of 85 “C was selected.

Froure 6.7 THERMOSYPION WITIT 3 AND SINGLI PIASE WINDING

While the LM35Z temperature probe is capuble of handling temperatures of well over 100 °C. the
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thermoplastic adhesives used to fix it to the stator started to become plastic at 85 °C, hence the
limitation. Without the acetone in the thermosyphon, the temperature trip occurred within seconds
after powering up, depending on the current though the windings varying from 1 to 20A. This time
was increased to several minutes adding a acetone coolant to the thermosyphon at a current of 30
Amps. It was further improved when aluminium heat sinks were added to increase the heat transfer

rate to air,

When the machine was operated at the rated current of 20A, the temperature stabilized between 70
and 80 degrees, as predicted by the thermal resistance model used to calculate the wire temperature

in chapter 3.

In general, the thermosyphon performance depends on the combination of thermal resistances, the
boiling point and heat capacity of the working fluid, the fill charge ratio and the efficiency of the
heat sink. For energy storage it is not desirable to have forced convection as it imposes an additional
power requirement on the energy supply, resulting in lower overall efficiencies. For high power

applications, forced convection can be used reduce the size of the heat sink.

6.7 Electric Machine

6.1 Radial Flux Machine

The initial motor consisted of an outside rotor Halbach array and a stationary winding.

The Halbach array was constructed from laser cut, non-magnetic stainless steel laminates. The cost
of low volume manufacturing of the magnet retainer by laser cutting is much lower than that of

other methods.

The alternatives for manufacturing the magnet retainer are:
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e Investment casting
@ Spark erosion
e Punching

e Laser cutting

The manufacture of a mold for investment casting is prohibitively expensive, in the order of R200
000 - R300 000 rand. Investment casting will be a good choice for high volume manufacture. If low
cost sand molds were used, machining is required afterwards, including spark erosion to clean up

the surface of the square holes.

Spark erosion is time consuming and costly. This may be a good alternative, where cost is not an

issue, for high budget, low volume prototyping.

Punching also requires expensive tools, in the order of several thousand rand per punch. Punches
wear and have a limited life expectancy. Assembly of the laminates with the magnets can be
problematic, especially when the punches are worn, bending occurs on the edges of the laminates

and are no longer flat enough to be stacked.
Four laser cut disks were used, two on each end, as keepers for the array. Hand assembly was

difficult because of the magnets' high affinity for each other. The halbach array, thermosyphon and

flywheel is shown in Figure 6.8.

It proved to be difficult to fit three phase windings onto the thermosyphon, due to the thickening

where the wires cross, thus a single phase winding was used.
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The torque and performance was satsfaclory as with a previous

prototype, but problems with the alignment of the passive magneti
hearings was encountered. With the Halbach array in close
proximity to the upper magnetic bearing, the nett effect was

skewing of the bearing and the flywheel.

It proved to be difficult to fit three phase windings onto thefi s
thermosyphon, due to the thickening where the wires cross, thus W8
single phasc winding was used.

Feaure B.8: AaoaL Frux Macyine ProtaTyec

The torque and performance was satistactory as with a previons prototype, but problems with the
alienment of the passive magnetic bearings was encountered. With the Halbach amay in closc
proximity to the upper magnetic bearing, the nett effect was skewing of the bearing and the
flywheel, Furthermore, with the bottom magnetic bearing in such close proximity to the bottom
cover, being magnetic, aggravated the problem, as the magnetic bearings need reasonable good

alignment to work properly.

6.2 Axial Flux machine

The allernative was to design an axial flux maching, having the upper magnetic bearing in the same
plane as the Halbach array, while still using commercial-off-the-shelf [COTS] rectangular magnets.

It i desirable to maintain the high efficiencies of an Halbach array maching.

Starting from a linear array, where the magnets are rotuted sequentially at 90 degrees, 1. an artay

with an infinite radius, a sinusoidal distribution of flux is created above the array, similar to the
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multi pole arrays presented in Chapter 2.

Ficuee 6.9; Lisgar HarsacH AERAYS WITH DIFFERENT MAGNET SPACDNGS

To form an axial flux machine, the segments are arranged in a concentric manner. The field strength
can eastly be determincd by FEA, For the same diameter array, using the same size rectangular
magnets, the field diminishes as the magnets separate further away from the centre. The two

dimensional results for two sections through the array is shown in Figure 6.9,

The average, however, proved to be of similar magnitude at the same distance from the surface as
compared to the radial Halbach array. The advantage of this configuration is that for the same

current, the same force is applied at a much larger radiuy, equalling a much larger torque.

COTS rectangular magnets were used and was embedded into a non magnetic holder, with the
magnets touching on the inner radius, parting as the radius increases. The net effect on the Halbach

array by parting the magnets is clear in Figore 6.9,

This approach applies the Halbach array principles as an axial flux machine, with the benefits of
high efficiency. Also, for the same flux density at the windings, the geometry requires fewer
magnets than for the radial Halbach array, In essence, this is a superior configuration for this
application, resuiting in a less expensive PM part of the machine, which is easier to manufacture

and simpler to assemble than the radial type.
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Using 4 hall probe. the measured flux values at a varying distances of 3-, 6- and Ymm from the
Halbach array surface, was consisient with that of the finite element analysis results shown in

Figure 6.9. and are tabulated in Table 6.1. Figure 6.10 shows the the axial flux prototype.

Fuaone G100 Axiar Frux HarpacH ARRAY

The Iob sided effect of the magnetic bearing can be seen in the magnrtudes of the measured fluxes.

. IIII?IEI' Midway ! uier
Position \ Distance 3mm 6Gmm | 9mm | 3Imm  6mm | 9mm | Imm ' 6mm Qmm
N -PDIB face 110 . 52 17 177 99 | 56 116 | 52 20
l:l batwean 52 1.2 ‘ -7.9 -_-5*.4 . 145 -1.2 22 -5.? ] 54
!s Pole face . 124 82 33 | 214 | 122 60 -7 -0 32
o hetween _- . _-34: | -22 __—19 -57 | -43 ;_—_1?:.2__ -28 27 209

Tante 6.1 ¥ Tesca MEssureD 0vER THE AXiaL Frux Hannaon AsrantenenT

The windings are wound on a non magnetic. non conductive toroid and pluced directly above the
axial flux Halbach array. This cun be either single phase, wound in alternating directions, or poly
phase in order to create a rotating MMF, The returning wire on the other side of the toroid has an
oppusing effect on the array and the magnitude depending on the distance from the array. The effect
can be minimized by thickening the toroid, as seen from Figurc 6.9, the field lines quickly

diminishes with distance from the armay.
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As expected, the magnetic bearing aligned properly with this configuration as there were no radial
effect mterfering with the radial magnctic bearing. The construction of a thermosyphon becomes

sitnpler and can be kept to the upper side of the toroidal windings,

6.8 Machine drive

6.8.1 Introduction

The machine drive is the interface between the supply from the DC-bus to the machine. The in this
permanent magnet machine, the windings expericnces an AC waveform, thus the drive has lo invert

the DC to an appropriate AC waveform.

Furtherinore, the machine 1s of the syachrunous type and the converter has the added function of

keeping synchronism with the position of the magnetic field.

6.8.2 Two phase drive

As a first attempt, a two phase arrangement was applied. The performance was not satisfactory,
because of dead zones encountered, These dead zones were located where the the magnets of the
rotor was halfway between the two phases, resulting in a too low torque to self-start. The pulsating
torgue from two phase operation also induced additional vibration. resulting in the mechanical parts

of the machine touchime and resulted in low speed operation only.
With the hall effect sensors, the relative movement hetween the magnets and the sensors often gave

spurious triggers and the system was converted to an IR [infra red] optical arrangement to improve

the triggering reliability, as shown inFigure 6.11 a) and b).
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Fu;uer 6112 ) Excopen Teack anp &) OPTICAL SWITCHES, STATOR & MAGNETIC BEARING

6.8.3 Three phase drive

In arder 1o dnve the machine with three phase, a new drive was constructed as shown in Figure
6.12. Three IR2113 bodge dover was used to drive the MOSFET's from the original base board,
taking a 12V supply [rom the base board for the drive side of the MOSFET bridge and responding

{0 Lhe 5% control signal [rom the micto processor,

Frcuge 6.12: MOSFET Deive Boasn ox Base Boaen

The optical position feedback was routed to the micto via 4 pull vp resistor. Some level shifling was
required to gel all three signals on the same level. This was relayed directly into the
microprocessor's ADC and was used to do the switching of the three phase bridge. Shown in Figure
.13 iz the microprocessor bourd with the driver board in the foreground and the level shifi board in

the background, providing adjustment lor the signals from the optical sensars.
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The firing sequence was determined by using an encoder frack that has a 50% dark and 0%
reflective surface. Household Alpminipm foil was found to be adequate lor the reflective surface.
Shown in Figure 6.14 are typical signals recorded with a digital oscilloscope. The noisy shape on

the lower part of Lthe graph is the signal from the low quality reflective surface of the aluminium.

Fistek 6.13: Denve avp Lever Apjustvent Boasn

The sharp edge between the low and high states of the pull up resistor was adequate to achieve a
good signal for swilching the inverter and, once set up properly. no mistiring was recorded during
experimentation. A typical race of the micreprocessor culpui for two phases is shown in Figure

6.15.

Tw:uwe 6.14: Orricar FEEDRACK SicvaL Figuen 6.15: Micwo Paoresson Bermeae Oureor

The drive program is listed in Appendix IV, showing the thresholds for the optical sensors and the
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[iring order of the bridec,

The firing sequence was calculated according to the following table:

‘Opto1 | Opto 2| Opto 3 Ph Aws® Ph Ass® | Ph B | Ph Bis® | Ph Cas® Ph Cis*

H L | H E | & H H L L
H L L I H L L H L
H | H i L | & | 1 H H | L
- H L H L | 1 H L L
L H H H L L L L H
L L H L & H L L | 3

Tarie 6.2: Firme Owrirer var DrtocoLPLER STATES
#: HS = High side

+ : LS = Luw Side

The machine performed as expected, however the close mechanical tolerances hetween the machine
parts and Lhe amplitude of the displacements experienced near the first resomant point did not allow
the model to be operated at high speeds. Multiple attempts were made to pass the natural frequency,
but this however was not attainable, In a fingl attempt to overcome this additional fictional loss

near the natural frequency, a 600Wait external drive was applied, alsu proved unsuccessful

The resomant poinl is experienced where small imbalances in the rotating system nears the natural
frequency of the spring-mass hehaviour of the flywheel-magnetic bearing system. Except for small
mr- and axial journal bearing friction losses, the radial magnelic beanng acts like a perfect spring

and the system becomes unstable abruptly when the natural frequency is approached.

"The machine performs well at speeds below this frequency and enough data was recorded to analyse

the machine and predict it's performance. shown in Appendix V.,
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The machine wus analysed by first mechamically spinning op the gystem and letting it run down
unassisted. The windage losses were determined by logging the speed and ume on an Agilemt

DSO06012A mixed signal digital oscilloscope, as shown in figure 6.16.

6.9 Experimental setup

6.9.1 introduction

The machine was analyzed by fimst mechamically spinming up the system and letting it run down
unassisted, The windage losses were determined by logging the speed and time on an Agilent

DSO6012A mixed signal digital oscilloscope, as shown in Figure 6,16,

Ficuke 6.16: EXPERMENTAL SETUP WITH (MSCILLOSCOPE

The data was recorded with the digital scope and trunsferred to paper alterwards. This process was

cumbersome, but the results reasonable.

In order to accelerate the data logging process, the calibrated 10 bit ADC of an Atmel AVRMega8

processor was used to log the data to a computer via the serial communications port af a STKSMH}
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development board. The experimental setup with the micro controller based data logging board is

shown in Figure 6,17,

The ADC resolution was enhanced by oversampling 16 times, adding the 10-bit ADC resuits to a
variable and then rght-shifting the total by two bits in order to get a 12 bit result. The process of
oversampling and decimation is described in great detail in the Atmel Application notes and s

included in Appendix VL

25/04 J '

Frooee 6.17: ExpERmvenTAL SETUP ITH A TMEGAS-BASED LOGGER

The following tests were pertormed:
» Rundown tests

»  Motoring tests,

6.9.2 Rundown tests

The rundown test was performed by spinning the flywheel and then logging the speed v.s. time

curve of the rundown.,
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This gives a good representation of the frictional losses of the {lywheel systemn, which can later be

subtracted from the motoring tests, in order to determine the machine performance characteristics.

Shown in Figure 6.18 (s an example of a rundown curve obtained from the raw data of a rundown
test. The curve was determined from capturing approximately 50000 data points. The deviating
points on the graph was caused by a register overtlow in the logging microprocessor and can be

ignored, as the trend is cleady visible,

Speed [HPME

Time | msh

Ficire 6.18: Rospown Corve reons 1 2-wer ExHanern Raw Diata

On the graph, the first sharp drop in speed, corresponds with the natural frequency of the magnetic
beating. At this point, physical contact belween the rotor and stator occurs, which results in audible
sound and larger deceleration. This is also responsible for the maximum speed obtuinable by means

of motoring, as the maching was not powerful enough to ride through this point.
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The there is also a small amount of air friction loss at this speed, which quickly disappears and the
graph smoothen oot o a lincar deccleration. This is the loss associated with the axial journal

bearing.

In order to make the readings more meaningful, the resolution was increased to 13 bits. by adding
sixty [our 10-bit samples, and right shifiing the result by 3. The resulting data was much improved

as can be seen in in Figore 6.19.

Rundown curve: 13 bit sampling

140 g
120 %
1

a0 :

R P

P R o o WO

40

20

a lﬂﬂ}?lj' 20000 p0ad 40000 SO0D0D a0aan

Time [ms] m T

qunif&.li): Ruxpows Curve From wiTht 13-RIT RESOLUTION
The decelerating lorque is given by:

possall O
LTS

6.10

. where

T, = decelerating lorque

I = mass mement of inertia

N = average rotational speed in RPM

t. = lime 1o deceleraie
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It is known that at 90 000 rpm the flywheel possesses it's full charge of 300W-h This energy is

represented by the relationship, as given by P.P. Benham & F.V. Warnock:

1
W=—1Ta 6.11
2

This gives us an Mass moment of inertia, as determined for the flywheel in chapter 4 -

;:2‘“‘: - I2-3ﬂ0-36ﬂﬂ1 24310 kg
w GON00- 21 6.12
60

Applying this 1o the data of Figure 6,19 yiclds the total Windage loss versus Speed relationship, for

the flywheel system, and is listed in Table 6.3;

i Time [ms] RPFM Tw [Nm] Puwer liss [W]
257 12295 :
502 12146 L LITE4000 1.626+001
6. 11952 1.26E+000 L5TE+001
1018 120 1.12E+000 L ATE+001
1262 118.58 1.24E+000 | S5E#001
. 11628 1_10E+000 1.336+4001
4354 . Gal 1.05E+000 1.23E+001
4656 111.94 LOAEH00 | 122E+00
4927 . 110.29 LB+ | L2iE+001
5199 1107 LUBE+I00  L20E+0M
5470 ! 109.09 LUSE+I00 1.18E+001
6584 107.14 | LUIEH00 1.13E+001
714 105.63 | 4FSE-000 5.36E+000
7724 104,17 4.69E-00 5.1 1E+000
7995 104,53 9.41E-001 LOTES00]
8294 11407 931 E-0m . 11IE+0!
8503 103.09 4.25E-001 Q.0BE+000
8891 142,39 8 78E-001  S4IEA0D
9190 141 69 8.69E-UU1 49, 26E4+000
9489 100.67 | BEIE0L 9.09E+000
11308 96,46 | 76IEO0N 7.69EH100

TaerE 6.3: Power Loss v.s SpeeEn Tarpe

2041 1417 1394133



djohnson

Plotting the data from Table 6.3 yields Figure 6.20).
Power loss v.s. Speed curve

Fower Loss

o 20 40 0 80 -op 120 L4
RPM

Frovre 6.20: Frictiovar Power Loss v.s. Speep CUrvE
By means of the open source curve firting program, Fityk version 0.7.6, the power loss at any given
speed [RPM] is given by the polynomial curve 6.13 and has an accuracy of 99.9337%. The

regression curve is shown superimposed in Figure 6.20.

P,—0.086465—0.0098312n+0.00033362n"~ 4.68796e-06n"—1.806e-08n"
6.13 . where:

?y = Frictional power 10ss

n = Speed in RPM

This relationship can be used Lo calculate the frictional loss at any point and compared with the data
obtained in the min tests, within the given range and the machine etficiency calculated in section

.93, In order to process the recorded data, the ADC calibration valves has to be determined.
The flywheel was locked in place and a voltage applied to the systent. The current and voltage ade

values were recorded, together with the corresponding RMS readings from standard laboratory

meters. These results were taken over the entire range of the different tappings of the meters,
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applicable to the vilues used to run the machine.

Current Sample 20A on 30A scale

¢} 500 1aaa 1504 2000 2500
Time [ms]

Fiorre 6£.21: CrrreNT Savpre a1 20A 0N THE WA AMMETER SCALE

Voltage Sample @ 3.63V on 10V Scale

A D

ADC_Y
L
=

o 500 1000 1500 snon 2500 |4
Time [ms]

Troure £.22: CORRESPONDING ¥ OTTasE SavmE a1 A
The results of one such a test arc shown for current is shown in figure 6.21 and the corresponding

vollage figure .22, The thick line represents the RMS values on the individual praphs.

The amplitude Muctuations ¥isible m the above graphs cerresponds to the unregulated, full wave

rectified, S0Hz supply used 1o drive the currents.

Table 6.3 shuws the vesults and calculated scaling factors for the different ranges of currents amd
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voltages.

- Ammeter I ADC | Voltmeter =~V ADC

! Range ~ value ' ramge - Value

- 02 dsl £ 00060 | 0.00

R 039 1024 2 00750 | 100

L 0.6 179.5 2 0.1154 | 395
LT S 243 2 0.1394 | 6.50
e 301 2 0.1779 . 990
= 2 674 2 0.3780 | 32.00
3 2 674 2 0.378¢  32.00
10 8 | 115 2 0.6280 5940
10 4 | 148t 0.7840 7850 |
10 5 1835 2 | 09680 99.00

] 6 2105 2 10970 113.00

o |7 | 2447 | 2 ] 127300 13340
10 B i 14500 . 15340
30 15 3625 | 2 ANIEsEs | 21400
30 20 | 4970 | 0o .Y 36300 , 405.00

Tani fud: ADC Cavmrarimy VALURS

Flotling the ADC wvalues against the Ammeter and Voltmeter readings reveals that the Analog

ammeter calibration differs for the different ranges. as shown in figure 6.23.

ADC x{giias v.g.Am m etercurnrent, Allrangoes

ADC valie

Freoee 6,23: ADE Varoes v.s. Avmerekr Coureent, Arn Bavces
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The graphs for the currents are linear for the individual Ammeter ranges and the 30A range is

consistent to that of the 1 Ampere runge, as shown in figure 6.24.

APRC valilesvs.Anm eterCurment, 18 & 30A ranges

ADC vale

The Digital Voluneter used is linear for all practical purposes as shown in figure 6.25.

ADC values v.s. Voltmeter Reading

A

e

AlH vat.e
I
g

I Qush- LEALD ' aneg 150400 .uson 2.k 30001 R Aek] 4.0000

Srlrnlir [

Frieee 6.25: ADC Varoes vs, VoLuerir REapve, AL Ravges
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Atmel's claims a lincarity of the on-chip ADC 10 be {15 least significant bits (LSB) and the
Absolute accuracy is 2 LSB over the lﬂabi_t ADC range. By enhancing the ADC range to (3-bit, by
means of oversampling, averaging and decimation, the accuracy of the measurement 15 improved
and acts a8 a3 white noise filter. Tt 18 concluded that the accuracy of these readings are

predominantly limited (o that of the instruments il is calibrated against.

The calibration valees shown n Figure 3.24 will be wsed lor the calculations of the machine

characteristics.

6.9.3 Run Tests and Processed results

The machine was run at different constant current inputs and the speed. Current and voltage ADC

values logged against time. Shown in figure 6.25 is @ typical resull.

The power inpul measurement was taken on the DC supply to the Brushless D drive and all
efficiencies calculated reflects the overall officiency of the system. Inefficiencies from the DO-D{
converter are excluded for these tests and witl gencrally vary with (he drive used and 1he conditinns

under which 1l is operated,

The a minor resemant [requency was observed at around 70 RPM with an audible knocking sound.
The cifect thereof can be seen on fisure 6.23, with a distinctive knec, as the rate of acccleration 1s
rednced due to the addition [ictional component. 1S, Lee, Y H. Han, S. C.Han, 5. K.Chei, 5.]. Kim
&T.H. Sung describes expericricing the same phenomena with their Hywheel, and is typically

cxpected with an undamped spring-mass system.
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Speed v.s. Time Curve 17.5A, 3.1V

Lz0

1ap ==

AP
Z

a 130000 230000 i b Red 41000 SO0
Timo[ms]

Ficvre 6.206: SreED v.5 TIME FOR CONSTANT CURRERT

The current and voltage recorded ADC values tor the sample is averaged for the sample. This is
converted to current and voltage, using the caltbration values as determined in the previous section.
The resulting average power supplied to the machine is calculated to be 53,98 W at an average DC

supply current of 17.47A and 3.00 Volts.

The accelerating torque is caleulated by using equation 6.10 and muluplicd with the average speed
over that sample to determine the power gain of the fiywheel. The power Ioss at that speed is added
to determine the total power output of the machine, This ontput is then divided by the average
power tnput which indicates the power conversion effictency of the machine at that speed, shown in

figure 6.26.
From figure 6.26 it can be seen that the machine efficiency is still increasing at the wpper end. The

maximum efficiency is undetermined, because of the mechanical interference from the uncontrolled

vibration of the magnetic bearing, and wus not reached.
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Speed v.s. Efficiency @ 53.98W input

Efficiency [%:]
&

.1 -
g.o5
b : = g M 2 i
0 20 44 a0 O Lag 1zn
Speed [RPM] v ety |

Figuen 6,27: Simin v, Erscienans Gueare somn Cossrant Powiot Tvacr

B. Bolund. H. Bermnhoil and, M. Leijon stales Lhat Lhe highest efficiencies for fdywheel applications

are achieved with permanent mugnel machines.

Fitting a curve 10 Lhe dala, with Fityk, results inequation 6. 14 and follows the data with an accuracy
of 99.9419%

7n=0.00119022-0.000139659n+4.97281e-060"+1.03853e-07n" 6.14, where:
11 = Muchine ctlicicncy

7 = Speed in RPM
The efficiency of this machine cannot be predicted from this equation, however, it serves as a
colurse estimation that the machine will give sturl runming with relatively sood cificiencies al speeds

of over 200 RPM,

The energy stored in the flywheel is calcubsted from cquation 6.11 aid is shown i Table 6.5
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| Speed{RPM] Stored Energy [J]

0 0

om | 00s

4w [ e
80 0.48
a0 _‘ 0.85
00 | 18
120 ‘} 192

Taprr 6.5 : ExkrGY VERSDS SMEED CALCULATION FOR THE FLYWHEEL

6.10 Assembly

Originally the design consisted of an upper and lower shell. shown in figure 6.8, but sealing
consideralions was a concern. A more practical solution was 1o have a permancntly capped bottom

shell with a closce fitting lid. Not only is this simpler to manufacture, it also makes more sense in

terms of sealing and assembly,

Shown in Figure 6.2% |, is a photograph of the actual prototype. Visible are the bottom shell, the
flywheel, the lid and the condenser side of the thermosyphon, Assembly was effortless, once the

2lass part of the thermosyphon was replaced by fibre composite.

Froane 6.28 A :ExpLopen view CAD meawmc g):EXPLODED VIEW PROTOTYPE
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The detail drawings are shown in Appendix VIIL.

6.11 Summary

This thesis demonstrates the technologies and processes involved in developing a working flywheel
prototype. Some of the more common used technologies are presented, as well as new contributions
in Halbach array construction, Permanent Magnet machine design, drive topologies, especially for
low inductance machines, and heat pipe cooling over the low pressure barrier. Practical difficulties

that were experienced are highlighted and practical solutions are presented and tested.

Conclusions:

e It was shown that the principles outlined in the theoretical sections of chapters 1 through 35
are sound an can be implemented in synergy to form a workable, compact and inexpensive
EMB.

e Practical difficulties experienced with manufacture, assembly and operation of an EMB was
highlighted and solutions determined, specifically:

o Problems experienced with thermal cracking of the thick section of the flywheel was
experienced and solutions proposed.

o The influence of the magnetic field of a radial Hallbach array in close proximity of a
radial magnetic bearing.

o An axial flux, Halbach machine was designed and shown to not suffer from the skewing
effects of the radial flux machine.

o Difficulties with low speed resonance of the magnetic bearing was highlighted and
proposals made of how to solve these.

o Strength considerations of a heat pipe and the construction thereof to survive assembly
in the presence of a magnetic bearing, within the required capacity, was demonstrated.

@ An inexpensive casting technique was proposed to manufacture the flywheel was proposed.
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Inexpensive testing methodology was implemented by using low cost devices and
equipment, commonly accessible to developing countries and low budget laboratories.
Thermal requirements of an enclosure was determined and implemented in the design.

It was shown that, using composite materials with bad thermal conductivities, the
thermosyphon performed as calculated and kept the windings within the design temperature
of 80 degrees Celsius.

Recommendations:

Movement limiting of the radial bearing has to be imposed in order to achieve the speeds
required to store substantial amounts of energy. This can be achieved by means of using
active bearings, mechanical limiting, using a machine with enough power to ride through the
resonant zones and by shaping the drive characteristics to the machine to compensate for
vibration.

Instead of the toroidal winding, which was used for simplicity of manufacture, a pancake
winding should be used for an axial flux machine, in order to use the copper wire more
effectively and reduce the copper losses.

Destructive testing of the flywheel inside the actual housing should be performed to verify
the assumption that the composite material absorbs enough energy to be safely contained in
a simple metal enclosure.

Proper aluminium molds should be used for manufacturing the flywheel and tests should be
done to verify that adequate heat removal takes place in order to prevent thermal cracking of
the moldings. This may be combined by inclusion of a heat carrier, e.g. pyrograph micro
fibre or aluminium powder if required. Thermoset carbon molds may also be successfully
used with the inclusion of a heat carrier.

A simpler method of calculating the optimal flywheel dimensions for a given storage size

will improve the design process for production purposes.
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Appendix | - FEA analysys models and results

# u Vi
- pdFel a0 GG

i
i
1
-4

AR fkAirsgs Sl T
o ik, i . o sy
= T
+ ++ i -,
+ @ I NdFED AR MGTe
: AR
T

P e

L HdFER TG e it
i i

"l

L o HoRERE MO he

-

b ek T e

a
o

e e

.

ot g 'l I

Il

Py
0 i ; _;:N': e T M\.?I'Ie

kS P e
. = e

e el e b e RS

e e D paldFeD 3T MG

o

el | r A

+

.

A ‘
'.-' i A AT - __-.
B ':.N:jFEE_'.-“:'TM:-EOE

Bt

MafEn

4

¢ EfRiuine

e

bk e Y mﬂﬂ‘\-:'!'i-i P TR mm:mlM".'I‘.Mo ..l..-- -“—.L'L-. “ B L
12 SEGMENT RECTANGULAR MAGNET HALBACH array Ihron k. monen, Inver DiaMEr = 363

o UhBe-1t
b.afbe-1t

R
[] 7 440s-02
L3002

# F2de-0t :
§ 952801
§ Sillle-A1 :
§.20Ae 01 :
£535a-01
A4da-0t
< A0v2e-a1 -
1 720e-01:

. 1.:408a-07
LI
[T ]2404m01 .
-2 3252c-1

| Ba0a-01 -
114 1485e-01 :

st el
+F.0b3e-11
LT
b 3249201
5.552e-01
b.5A0E-U1
§.a05e-01
LX-ELERT)
4 dade-11
409 2e-11
1.1a0e-0
1.3d8a-01
297 he-01
1 &4ad1
1232
1.560e-01
:1.488a-01
R REE-ER)
7 ddle-I2

+3124p-0e 3.720e-02
Tansits Are 7|, Tasm

T
o
"
v

12 SeomeNr, gEcrancrLar saeskr Hapson apgay Dieors gesoer, Dvser Desieres = 36w



?H&-I:‘I i AT
b&Fa8-01 - fw

"FEEI-I'.'I‘I i EI;!«B ]
& akCe-01 : £ 352601
€ 200a-01 : E Sh0=-D1

12 SEMENT, RECTANGULAR MaGYET Havsacn argay Dmore resoit, Inver Dismeren = 40mm



bbb E e

kTR 3r+31;31”_‘}--
iy o L* &

= g

-
z
b
o |k

W
s
uy
[
i
W
ri
—

]
i
tal
i

ol
[
-I
"
i?
L
e

Ao et Na0e S| SR e T e T
e o E=Bte = : . ’ . ¥ ;

INATEDRMEC S

- PG AT RS e

o R S el oot ol o At e ]

) Secmr~T, RECTANGULAR MaGhET Havkaon arpay Divove Mooer, Inneg Diasaerer = dlnam

J NIES I CE ]
T3hde el T 2T U
1 el = 24000
B T B TR
T1edzedl - 188200
gl 1 JEhe+0n 1.4 30=+00
Sy0ns0 102e+0
1/ 3Tem 270221
EN7=-11 4863wl
E acien dilie n
P eicuen  7arze
Lo ECre-i &.7753-)
CEIIEa 5o led
F A ECd LSS
FIE U LA
L ER
;e
R
Faleo-1z
T {7 hite U fedue Uz
Dy Flue 15, Te sl

1 SEGVERT, RECTANGELAR MAGNET Harsacu array Dirocy Risour, INner DiavieTer = #Hivim

wﬁﬁmmmmmmimmmm\% R R Dl e e C R




il‘_l." '.]'I 7 .-I.HI.J.In:

A —aDE e

.-/:-

(M TaD v I
. . iy
s
| -
" - - A
T ¥ T e
VA 5 !
v 5 Ly s
it B =
B I DR & T Y 4
‘ﬁk_ I'._._HI..I._ II
' g H
B 1
L 4 1
i To a T Ve s :
o |
i 1

Leda-01:
LER R0
ERt |
JAfte-0l
S.dde-01:
hBEre-01
SAFMa-
4442411
ATE2e-01
2 ¥EdeAn
222k
1 4837+

1L meE-00:

1.110=000
“L3¢=0 00
Biran
.88 =
F: 4l e
F.Alle-0°
akadel
35l
S 12eh

A Ae-Rt
b R R

2.943R [
A28

T30 | E33e-R1
1350204, T 25| edl?

=-gitbe Mo 0L Taz =

11 SEGVENT, RECTANGULAR MAGNET Haracn array Dirore Resvrr, Bowe Disveres = diam



i R+ e ke b R A b AR

NFeB AT M0

W et VLR

s

114400 : 21.215a-00
T 16300 ;7 A bds00
4 1.042e+00 " 103=+00
H21 900411 01 .0422+00
B 192a-11 - ¢ Blda-01
R BEAPe-01 7 192e1
PR 7.24Te-01: B 57901

¥ 2849e-01: 7 fef 01
A.M2e-01: 735511 .J
37 d0m-01: 670001

| hbibe-i1 BRI
S qulde 01 E4aTder
429 e-1 : 49gde0n

~ ] 167%e-M1 42014

Tl ADage-0T  Z AT
B B R I HTTVSE )
=} 184" g-[H + 2 453=40"

i

I b 15¥e-N2, | 22Be"

[ ~4102e-04.6.157e-02

Caraiy Mot (0, Tasla

1 20a-0n -1 B

o i . e

3 Secment, rRecrTancuLar macWeT Hacsach array DipoLe Resur



rect - 94

“mmwm ’

- w T,

S

e e LA L AL

' b i +

2} SEGMENT, RECTANGULAR MAGNET H.A.Lﬂl% v Diroe Mooer

(@)

CE141=T1

LikHE 1127502

1.007A-01 . Z.2508- -1

AFSeRl | CTeel

_ irSel

i e Eu: Ap-l
(d-"!.'-'lﬁtE'J'E £9Me= 02

'L'IEr_"lhl“.lL]H]. 1

b Seement, RecTancuiaR MacneT Haieacw amray Drpole REsut



Tay
L4 i e
| ey
o Uy
i T
S e HAFRE T MEDE
LB T ol
) o e UL . *
|-':- . s .JII § 4% ; 4
-..--"' = i -
i ShRPE SR '’
1 -_'._,_,.-. " el o7
'.h______:_... i
g
L HdFE 35 MC0E
T )
r .4
o
# A
o o, e,
G ik
] -
e

L pldEeR 7 Mde -

e i
P gy il 2]
< 1

“a B

L O )

4 Spowent, RecTansULAR WAGNET HaueacH armay Dipoe Moved

2585a 1 20 09Te 17
4 813307 ; B.56Ee-0]
ThEI a0t | B133e-01
T30 7RO
A7FL0s 7 2ale-0]
O 121 TTR
TRTERDT € Bdasl
Tale-l - £ ATag01
A9TLa-01 £ 430s-0
AETRe- ;L 3T0R
A0ATe-07: 4 3190
TATSE-UT 4 147N
= A - R R L=
[ 121801 .0 1430
2240 27 el
1ETIBe-0 1« 2.240e-01
1.zafie 0701 AUE-
_ Aldge-U2: ] 30k
A Me-07 ;¢ 0d2a0E
|54 T=ids . 4 5003
Arvame Mo ], Tasla

5 Secment, recTancuLar maeneT HalsacH arkay Dirore Resucr

o : i . L
A SRR G S iy s b e e



I

AT T MEJe

L apeEes T S00
i 3

"oy gt
2 ¥ Y T8 1 <
w5 Arhdie TR gt
o o phiOFEREEMG e Hﬂd.-qa‘a?.p_:_icn

£ .‘_,_- '."‘-.__ ,
H il

6 Seewent, RecTamsuLaR MagueT Havsacn apray Drproce Mool

NNNNEEEABNERRAT

p e L
Tikledsln
T A
A0
T EATIa 0
ket

=it 1as

1.2Me N

i akre

1415R-12:1 2
AM0A-15

=1 Szl 4
Fznsite M- 1|, Tesle,

A et

B oL e




=

ot}

e S P T SRR T A LAY

,-I-I :"".r-._..'.. .
7 Semrﬂ nEchULAn mr Hw@&v Dreate Movet
; Y@
\J

R 2 esle0 AIsGe1
FEY PR R F e
7R
R
460201
S4iraen
:E8Ese 1

- 1acda
ATlarit ] S8
1702 F TR
|| ARHEE=IS 41H7LC
Diens e Fint |Al Tesla

7 SEGHENT, RECTANGULAR MAGHET HaimacH Armay DrpoLe Resuit



L -

*ahaTRB T MG3e

ik - B = ¥ : L3
f tedAFal 37 I‘-.‘l?.-.lFl i J, | “pdF ek 37 Lq;_':._‘;

= A P R e ok e
u w -
Dl 2T MG e Al 7 MG
; |
a1, 428 4

BN LA v

g NPk ir ME L . HifFeE Ei'-'}%ﬁ'-‘.la

I e | | * ErrE e A ey

AR RE S M e

3

A dahe B rETT e
C20e 01 34652 01
B70a-01 NC20e-05
[ 7 129a-C1 -7 57 de-C4
B & 633001 T 129001
liae® & 230u-L | | 43016

o o7 2e 62 38e LY
B 5 247a [1-5.792a [1
|_ldepie-i1 5odve-ii
I | ddsicl A8 e-Cl
] &01l=-Cl - %556e-Ci
| 7] 3akhe-0 2010810
1901 1Es3e )
A2 1119801
2530l 2 E2Ja-L1
LF2a01 222800
1332201 5.0 408 L)
[ a1 5e-02 9507601
"] 4453502 39130z
[ ] <28hdu-ty: g $a8e-U2
C z:zity Flul: |B], Tesla

B Seomenr, recranguisr Magner Hasacw apaay Drpoe Resycr



e = E ol .

g Sgﬁneﬁr-, I!I_?'ET.I.!IE.H_AH ‘IlMil;_i'E'T' HaLeacw n.mi;;g‘h DzroLe i"lnn_EL.

FTIn-C 1 T AReTT
oL 677200

ARFR-T1 [ 3AT=-11
A5 15 1 BT 11
21370012 44815%=-17
S7E2e LT 4138 1
114a-01 3.7528-17
INe0 3306a0!
7 63a-1| A7 I0e1
2A4Ta-01 Zt3e-01
L& : 2EATa0
~ 1.025a-M 3te-1
I 1 133e41] 1505811
7.5i3eDE 1530l
E I7eae 0 FSiba L
o1 Mda-r§ 3 7Ade-nr
Crar atty Slot: [EL Teela

8 Secment, RECTANGULAR MAGNET HALBACH arrav Dirole REsuit



."“".. "

e A

ot .'u
i 3 a :'_ 7 no \l,
__.-.-'-" [ = 2 a 3 II'|
i s 0% L T ) i I]n
en T ' 5 ey ; ] |
: |
Wt

u
i

i

4
—_—

[

|

| ! . 4 :

l 4 Hofaf 1T MGre T i IdASE 17 e

e

] -T__.__L... i

0 MALE. : e .
ik, 013 _' o ? o P St 5': |I
4 L e e CRRR ST T HJ
S, ) L : \ . .._____..--' . J
i B ¥
u BT = I.'l

13 Secsent, RecTancuLAR MasNeT Havesacy srray Dreore Mool

FlAn-0 sF AT =)
T - Tasd=1
aFme-r1 709 =i
L S AR b b b
ELVEe-LT 6131 =07
S le e il
Litmea L1:0ai12 I
A8y a1 Jnhai
ALFAr-I1 dila” 3-01
5 ArSin-r1 A3t
FadAe-LT - ALST =070
[N ey —E B - o 1 I
-MRe 01304 e

= TattaCl F ke
] Arran-r1 287 =N
4 A eer P LMe-11
: ENCH R0 I B - |
1 AiMe3 0 A

ArE3e-rd A1Ara-r?
R - L | B E
ezt ™ o G| Tos s

10 SecMewt, RectancuLan macneT Hacmacw amrray Drpore Resucr



¥
y Hagy
R = Bl T u |
; 7 ieRe0 37 MG03
:"_ e s L, 'll_ -"- n’ Hn
v whidFel 3 WG -.'___.-ﬂ i A
FHART e : G yufet
P | . )
7 ; < SHeFEER M
a [T '3 i + 13
.1 aiepn i
i ! B i
i sE T M 1
: RS ' . !
a ¥ : - i
e |
ke ! . b |
L nhidFED A G0 ; :I
S 5 I
. : : ;
A s P S | t
"‘-__ j_'?‘ldF“EB T MG |'
.l' l‘.'- 1# q._ II
‘\. __.". s __.-' s T
ba w7 aNaFsRAT M3 f
nULT LearspdrMz0s ot PR ;
; irdl gl 5 % # ¥ !

: ‘ S kAR T MRDA
¢ et eH AT MG Os ) ]

3 : :

i i 3 W

o

u
3
ks .

g

*

11 SecHEnT, RECTAMGULAR MAGMET Haisach amay DrroLe Maopel

AzGe-01 =T 81380
245 3m1
F.032e-01
addte-R
Ad5em
ELEHERR
R
- $5.07%a4
] 4297=01 : 4aBda-01
T ]2 adremt 4207e-m
t | X51ded a007e ol
| T 128201 : 3514a-01
N R kb= RS e T B
] #3061 - 37501
] 1952210 - 2. 344e-0i
11 wedeeny 1 953e-0)
TAF2ee01 1 56011
TA Se-12:1172=11
E FRa8e-07 : ¢ 31 he-02
|1 892e-05 39050
Jamsie Flak (3], Teala

T

-

11 SecMent, recTancuLar MAGHET Haeacn srray DriroLe Resuut



W

-

b ao dd F e

JHidFe s 3¢ AU

2 SeaMenr, RecTANGULAR mMachET Haisach smray DipoLe Moper, 5 oecree

il

AT AR ; ; y
T T K o RF R AT Y SO
h \ . ; |'. r B
7 B Ha g T om. ._
! - = o h oLl W AT
COBIFE 5T B0 : L aBREEECYIGUe
o - /u a
; 3
ik
s bidbeE E e E e i [ Ay
a % Bl i ralidF f:I Yl e
{ = oW ' * f | )
- A o
i I /. H
TheATeB AT A ke R ;
g S P Sl j':._ i ...::II.\_rB_._{.P_m"._l_rE.
./ o .
A . E b et ' ,
y ¥ L . _I.‘w_-lcl-'elz' £ hj{:'ue_,'

b i
e TRD T ME0E

COFFSET

1 443a+00 21 E19%R+ (1)
31 367a= | deia-nn
8 ! ol | 1ATaHnE
21 2150 | TR Ll
SR EVERS L B L ER
D2 1 Jeaell 1 150l
B & Brdde-0 c 1 dedeslh

of 7| 1ecd | #0701
1 P IS0 % 114adt

| T SEeT F 3Raedl
T Tt EETeU T e
A N R o

= T s1Ige 17 e
b ASSYe-dy 511 Fa-01
| -':: = 4008 31 : 4 So3u-01

i 1 4ide 0]
P 3 it 7630802
J| ' Dangity Flet 130 Tezla

I

i’
2

12 Secvent, RecTAnGULAR MAGNET Marsac arrey Dipore Resuit, 5 DEGREE OFFSET



..P"
b L ! HA
4 : . A . .I
FEcE fir. Ca PR 0 30
- L R R s : ey
Hall | P heateR T MODE
I-\, I.l 7 i
; A e o # .
¢ o ey T : MR d e
W RIAFE S A7 b3l s i i i i
Bt = i 3‘;" -3 = Bing T
i
4]
5
L. -
.". £ e T £ 5] ."'
[ 3 =1 . n f
dl I| P
A= 7 Hna I W SFRET R
._:.:.._, f ; g * E _.h-'.\FLB%i’ f .?.L-n y
] T 1
[aef !
1 e T s ‘-p
Oy % - .l.
: SldTSE 37 MEe L SoMaFeb MO
- ] 5 . - 2 ]
B ¥
Ty Loa T T 3
o F ThIdF S TMEIE
oy (b dFe G 3 : i T =
£ i HATSR TGOS i
: .o : ! .-“. y
i
e [ ks

12 éEGHENT z .REC

<

12 SesMent, RecTansuLsr MacHET Haisach array Diroie Resuwr, 18 oesree

5 =
TAMGULAR MAGNET Halsacw armay DirpoLe Mooer, 18 pesree orFrser

1d83a 00 5 520200
| Pas+nh 1 287a- ]

| 30e+05 1 5% R+00
|
1

giE

2Z3c+0C- | 2NN
Odieeln: 1,23 30600
104000 10 4860
A0 1 Ne=FN
DR T B R-R-E R R |
1911e 0 2.1 2e-01

Thdfad0l Adlne (1

ENEAs 7 idia-r|

£ 113e-01 4883001

545801 4773001

A0Ffs01 3.35dR-01

337541 4570R-T

ERE

11

: 106101 3.3250-01
110 Jeese i 20ae 01
! IR R I-E 1) R RN

T AN e 1 R3e-0

| [ -anb4e-08: 7 prmed2

Leebit Siod: B8] | e2lo

OFFSET



By % T4
o &
ot #
A CThAMAll S MECR :
Sl -

MU S AU

; .
57 At ; v Tphael 3T ite

[

..\ il .
: " L ot
L Rgran MR ¥ ! etires 3418 Ua
] HF = - e 5 as i
! . i i} . 8 e i L ¥ |II
g T : 1 . Noa e ] e .
{5 P r = : A e PR
EHAC=S 17 e i : 0 ComuFsaimule T ||
5 ] d A & = ; Bl T g r
X i 4 ai
L ; ] :
- X E. ol i, LY o, ) 3 )
% w ~. b s
- L
T II

N -

ik -_':-'_?IJFHD;’:?-M(_%.I;HI"

__z.. ; i L __...-r"l

. ’ bt -}
Rt T R T B o (e e ._J.-
s T 3 ) - ;
Ry T S SR AR T AT et
J i :

» /-
12 Secment, RecTancuLaR MAGMET HaloacH aprar Drirore Moo, 15 DEGREE oFfFSET

145200 31 53Re+ 10
1.376m+00: 1.652m=01
12792400 1.376m+RT
12030k 1.29%a-0]
11868000 1.22%a 100
L0709z 1.1 dam+R1
193501 |L700-00
11¥1e 0l 2.735e-0
TaCe0] R e
7 433e-01 :3.997a-L1
457911 :7.643a-C |
317 501 4B 9e-0
| G AETe01 (4115801
~ 15Ee0) -5.35 e
4| 4E22e01 :45396e-01
J05Be-01 - 4.822e-01
A A oededd] - 3.R58e-1
: | 55060 ;7 254a-01
ST EERe2 153001
T ansareid: rashe12

T LA

fl Oersity Plat B Tas's

wacner Malsach srray Dzpore Resuur, 15 DESREE oFFSET

12 SEGMENT, RECTANGULAR



¥ o il ¥ =5
v = R )

[ CMASETITMGDe | G 2
(R e Pl o e S i e i
i : wReITRE 3ThG0e .
5 fee g ; ¥ ik =8 ks 5

: : A Rty 5
y .\-._ - L I i 3

L

'-\:«ac-an.e.w'i-‘:a»:-fx"'f \ e aj:r;ureusr"*-::aua_
g ; i L

: il =
.’. Y : .."' - E % 2 e . ."I .
R LS J P I ; i
¥ & . 3 " S + X .

Lo FUH A L0 T e T
UL\ b 3¢ A A e SHdFespl e |

A TTRerAT . ¥ <P = ATENT
TR T :;ﬁ. Y ; ,__,_.___,ldre. i r_—.n,na i
Wy (D AN ] i ;
i gl L

TaL AL, R : &

b =f: TEOSE L / bopet .
4 i ; Y I". Stk el 37 Vil Oy 5 lrl"I
A ShAPAn Oy FEns i £ : i 3

o 4 iy __'.' 3 i -
; i T H Bl Bl i ¥

e
et i T

12 Scecwent, RecTancuLar nacheT Hasacw amrmay DzpoLe Mooer, 28 DpesrEE OFFSET

\"- O T ASle Ol 3T a2Ea+U0
1374200 1 450200
A 1 2972+00 1.374a«00
; | #3100 1. 297a+00
i, | 145200 1 #21m+00
; |.0&E=+O0 1.1 450-+00
¥ Y4 2001 - 1,088k +0C
o ] #1570 9 R20a-0
& | B 39dad1 . A357R01
A | AAETeddl - EEMe

E I_‘| & HAHerT : {631
L 10501 dBAde-0
] | 53%adl 4.1R5a-01
A l_:l 4 5751 . 5.392-11
T 10t Ae  4579m

|I L2 053e01  181da0l
5 1 250=-11 : 305761
1 5271 3 270=-11

} 117 adhar02:1.527e-n
L 41570004 T ddGa-032

I[ Cranmits Flok [Of, Tazln

: >
. ik "
12 SecHent, rRecTancuLaR maNET HalgacH srray Dreoe Resuur, 20 oecree OFFSET



W

_ HeTal T ME0e Ty
CRlbeH IEMLDE T ; ;
o . | 4

a A %
i . P e TRE AT HE D
> E e e bt ] .y
v i g St
Rk 3.-*%;35» o T e :
; o -~ ﬂ " .
& : :
b '
B 2
T A B e et I e 1 e ; =
S 5 L ke ) : \
v SRATRNF N30 ! 4 i
Yo : ; et L A
Bl : {:] |
I -Ib B T ;i T : 5 ¥ ..
e ; =X :
ok, el Lse &) : Ei A B . ' i
gl : heohls d
s T \ 4 b I|
. -x_l : b =137 r‘:.r;.- % f“,%!f_"F"ﬁ 'IT._F1I,';1 % f
1 Ll LY ' o
o et T N e LV R e X 5 _ .?
b j - 5 LR G i T ; : 7
s 1t SMAME R 7 G0 g 2 A Thn i _,."'
L] i s ¢ . - fa . .
S 5 1,

SHATENIT Mz0e ,’/ o . o

- . et = . /
12 Secwent, REcTAWGULAR MAGHET Haisacn amray Dieote MooeL, 25 pesRee ofrseT

B 1 40e+00 ¥ 5 ber D0
1 3&E2+00 1. 4d0a+00
| 2B92+00 1.365m+C0
1.213=2+00 1.2872+00
1.1372+00- 1.2132+00
10612001 197a100
9.850201 1 06 1a+00
| 9.078201 :9.854e-01
H340= 01 ; 0.003e 01
7 Ed2=-01 ;B 3d0a-0
6 8235301 : 7 SH2a-01
4 DéG=11 : 8.624a-01
E J08=-01 1 0.086a 01
2 ENNa-01 L & 30aa-0
1391 501 4550e-01
2043201 ;27 e0
£ 27501 1 10132
1 517=-01 2275001
7 3% g2 .51 re0
=9 TE5e05 - 7571 m-02
Jer ity Fint 8] Tesla

T

|ededalolafebatil ) £

-

- o

12 SecMeNT, RECTAMGULAR NAGNET Haibach srrar Dirore Result, 25 DEGREE OFFSET



8 PRI Py
" . B 1 i R T S e
M 3AME e ; : i

a
CRFED 3 MEOE

AT el )
- “a Ly . g M, 11:,_ i
S (1 oW - - L (TR ey :_._:‘§lr.|r sRET M.Gl.—.l.
r

+ Fs i - \
x . y ¥ £ .

A : 1 ' . 4 : g, e -1‘. e -
P

v L5
AR e MG De d 1 |
e T " P
e (5 : i
¥ . ‘
i . vl v |
. 4 . ok i 1 A 4 .- _' .
g 2 W T R I

% St oy
<y b 7 b ' Y L7 CUMUF DI MGO: X

“ ; N t ;
'-__ i Hes 1 x
Prigtdy _._'_u_. ¥ # ga- 3 s

K crhdT E O 35 ,ff

|. 4
TR 2 S T vl 5

o L My-sb R MEDE

w voh T [ ol
T = =T o . . [
e . e :

oD e D . -] +

12 SecMesr, rectanguLar magier Haiacw ammay Drrore Moper, 30 pecree oFFsET

1 425e+00: 21 A58 e+00
1. 346e-C0:1 423+
1.2¢3p-L3:1.3984L0
107821 27201
112486031 1568 +20
1 [499e~E7.1 1248 +L1
P.30e-11 - 1| 04P==L]
B%e-01 ;2738601
it 241 201 + & ¥RiE-m
T 492e-01: 8241 =01
&.740e-14 ; T.4928-01
EAREE [ : ¢ 744e 01
£ 144801 ; 5 #95e-01
A aGe-N1 - G601
= 3.71%e-01 : 4.4¥Be-01
{ | 3.R00e-01 : 3.Td9a01
q 1.355a-01 . 2 Mna-m

1N 3e-01 - 235101

T.Ele-02 : 7.50F=-01
| | B 3d0e-04: T EdUe 2
f Lisngdy FIoi: [B] Taa!n

- E,

(L (RGN

12 SecMent, RecTANGULAR MAGNET Haleach array DreoLe Resulr, 38 oEGREE OFFSET



e o3

.
iy W
[ e, 1

T,

g

A _.k--.i'-'_ai:l_:'l’ ‘1.‘:11.:5_!9
>
=

;- Pl

4 aMdrzE 17 HG e

AP0 TG G

GRAMET TR0
i T a

A :
L TAR=TIT M e

AhAred 3HhiE6s
e A T

i R i SRAFET 7 S
i | SMETARK T Ge . o

e R

12 Secwent, recTaNcULAR macneT Hawsacn smrmay Diroie MooeL, 35 DEGAEE oFFSET

P AATe 00 31 %e00
1487400 1 453000
Y a00 . | JETS00
TG00 1 el
B 1 1900 | 215e+00
1.0ede+lll! | 274~ 0D
267301 1.0633+00
Yo19e01 S Bt
nacdeCl 20150
| TEfSe-01 4354
aradenl ¢SRS
A 0PTe0l 585he
E218a-01 A0 /a-M
AE59e0] 5F|0=-|
JEINE 0 45Ty
S0P ARNe)|
Ziaze-0l 3041e:
TE23e4 L2diem
THAfan2 | 5:3e0
G 4Ta-d: LAz
Crans 3 Aol B, Tesla

12 SecMent, rmecTawcuiar macneT Harsack array Driroie Resuir, 35 ©DEGREE orFser



e 1T MGTs.

e . R T = Bl e TV alas
e “ghedbetd g4 e j ; b
A oY

G
:,-._T:;JHI--':: b D P

.\-'_.' Memell 17 heisoe.

i SRAME 207 MG0e ;

- Lhia o i
.'I. e o T T fr
‘ =X e !
ke 37 G

_ﬂ__* >
; i e 1= RO 1 ST
" B R It ! .
; ¥

. L maTeB T MLCe s
+ . * I R

Lt
TGV 3

12 SecMent, RECTANGULAR MAGMET Harsacw apray Dipore Mooer, 40 pesree

QFFSET

=il

B!

Cairte-(1.
41211
1E20e-C1
L7 el
231501

CLEa0e 01

N - 230201
e 3 g
%, - 3372007

. “130e-40

- Tzl
&, LR

pa0da 01

". B.437e-01:

i Tarell

- £8%d= 111 -

:'-I A 14A=-101 -

1 3Zd-+00
TN L]
T.3a0=+ 10
TA04z 1]
T22Ta T
*dalend
#rea-11
PA70= 1
o M
04371
ke T
R HAE
6.138=-11
5377 =0"
463411
EREREE
I =
2315= 11
RiHe-1?

.i, FRAT N R
i 511722947 7 502

I| Jeagiy Mo 2

Tas.m

RECTANGULAR MAGHET Hareacw sapmay Drepre Resuer, 48 pesrpe

QFFZET



i A e e
5 ; wih
'
‘ i
iR et e B | e

A bhdFRB 3R Sne

Fi L EhIreR T MGGe
’ e L '. L 1 . o
G \ . [ s X : A4 '
B M R B b e e
allgh 1. N Tl S P T %
: . c 4 4 . * - L [}
i 4 g e | . L e "l
U TEE - el S T L En :' Tl
o4 l...l AR : iy 5 ThdF=E AT MG e 1
."-1’ . ;K:[rEj 5 !-,1|':'-€|£_ o ; » . {:_"._rlk.an HEé .r:.{.".:l e !
-... b i s 13 T :."
A S ] :

= VT Pl )7 e
ChdreS aTMGCe S
ey K s ; s
i A B T AT R 1 el

' .'I ia I'. a L5 ] -
Yo i I.- : 7

o Wl 5

12 Secuenr, nRectancuisn MasweT Heveacw spray Dzpole Mooer, 45 Desree oFrFseT

1.457a+00 1 533=+00
1.380a+00: 1 457e~00
1 46 A=+ - 1. 33NR+04
|.2z7a+00: 1.3049e-00
|7 LGm+N0-1.237a-00
“ 1 074a+00: 1.1 50e-00
F 2 Me-01 -2 NFAn~M
Fl0de1 . EMDR
143781 .7 2201
Jatlgl g4lve-T|
500401 - 7 £73e (1
4 ARe-01 & Fh4R-1
TATTa- 40 ee
4 alda1 - 5.371e-li1
T1A0e01 _ 4afde-01

]
1 E
4 E IHFle-ll - 3838a 03

24NSa01 ANF2A-N1

1 53R - 2,305e-01

771 6E-02 1538001

A50ATe-04: 771612
L zr ity Plot: [0, Tezls




ERNETY i

£ - NdFES TG IR

5 abuFeD AT MG

s e .. f
wll il i et Ciballe T AT
o ‘0 Ll B 3 :
: b X
il i
- 1 - h . ot
195 2 vl 1R Fl H# ¥ il
o edF e AT G ' | ol
Gk 4 et ) ! L - kB TG . {
. ' b k - Ris b i
i ¥ L ¥ Rl i o Y v

s S : i LA /
'.I R ; . % 8 s e
; ,:F'_P:«JI-EE 3 w..*u:_ | _ : _u./ .'S'Ndrei w F_cr-:fr.;e : /

s i CMoFSDNMEZe T /
_-E.__-E. irl'i HE .:r',_-'iﬂu '._ oy B
E 1 ] . ¥ .l' By r X J
: - HUFE A MoCe i
o 7 : P

12 Secwent, recrancuLar magheT Haieacw ammavy Drsore Moper, 50 Degree orrser

1
1
1
= i
1 a1

3 Iﬂ‘-

4572410 »7.59492 100
J60=+11 . | d57=+00
J04e-11:1 3E0=+00
227e+[0: | I0d=+00
AGC=-00 1 227400
Q74e+00:1.150=+00

S0 00001 1 0Feas00
: 0 0203601 9 8700
= & #3h=-01 2 9 2031
f T §70e-01 - § 4361
3 £.0032-11 : 747001
y 6 7 Bae-i - A BiEe-i
5 24001 ;4.1 16201

: 4 £14e- 11 - 5.38%-0"
! FAIAe-LT 440321
i 406701 : 303611
| 230211 - 4041
; ' B4e-L1, 2302-N
! 76052407 1536600

2 [26e-04: T ARRR-07

Cangmy o [B]. Tesk

]

. -

12 SeeMenr, RecTanGULAR MaoheT Hasacw ammay Drsore Resuer, 50 Degree

OFFSET



e

P Yoo SopNORRE I MRdR - T
ol e W oL BT MeDe
o W R _,_'h-»- I—;{_‘;__ :._ ) . .\:\

“ D chram e D ;{.;/ (SHoFeR 3

5o
D=

i

TREEL o

s
WY e TR

SR e E L SRR

Wty e il

eI 3 MT0e

LB

e
S
¥
—_—

-.__. e i il MGJD? L v, o A% L RFE WpGTe /
: tal R Bl N B IJ

" - Bt - % g ¥
¥ i : A i .

4 : i T T el : 7 o .
=T < Ly i 4 hAET I nge S o T )
b o A i L S L) R ‘
2l = -" i . o
Tl . 3 ; ,Tk. =Tel :IE: S0 A z__.
# 2 i '|, . 4 A o ;
! - i o N
e L i .__" b L a = 4 .(/

12 SecMent, recTansULAR MAGNET Haisacn array DrpoLe MopeL, 55 Decree offser

2 17010 =1 5292+ 0
! 1.571e100 - Ldie.0]
2] 1 25a+001 5 F7 | m-110
FE A 8e00 7234 L]
il 114500 * 0e-]
1 0dau 00 71 2201
FO95=01 " 0ede-CL

it T oEhe-0] - AEPe-O]
s 0 Tse-1 7| IO
% 7 al Be-01 L 3.30ee-01
g 8.8C0.4) Fe13a-01

H

805311 A N5

.-""--

E22ie A 5062 Of
ARESe=d] -5 E9 e
, 100071 : 4563601
| 37201 £ a0
gl 3anEe] T 047e-01

1325201 22032 01
i T a2 1 53 eAm
< ¢l 0C2s0s, Tadde-C2

[ [arzibeFlot B, Tesle

1

- E
12 Sesuent, reEcTancuLAr MacweT Hawsack srrar Dreore Resuit, 55 Desree orrser




it z b
I'l_ v I'_..:l'_\'ﬂ'-I:H:.‘i.".-ll"-"I-éﬂl.ﬂ. b F\-‘\
MdTLH T !

[ aNsFeR aTMIOE

i L it e
o A Y g
'y S d 3 A0

/ ; b

O dFEH s R
&

s n. b i
by L]
dn i ‘ e |
; X 2 |

: VonidrEE 37 30e ¢ _'T:lfJ-:IFEEI:-"iF M |
5 e l. __- T .||

N 4 =

L

a-
£ o .

."'- - | - - ¥ J
! EMdTeREr M- S v P
- Skt H\E/f S O/

oo

5 ) .J.r'

{ \ ! : - 55 _
: T S CiMaTed 3 WE0e o f

B oo HiE SH ARG
J ¢ MdFsE 3 HE0s -

S S P A :

i _ : i ¥
12 Seament, recTancuLan macuiT HaiescH array Drrore Moper, 60 DesreEe oFFseT

S Ll wll ¥ ST A+00
G 1251 2400 1 4248 G0
127 2+d0 135 1R-00
S 2012100 1.2%5e-00
1726 +00 1 267m-Ll
10512000 1725201
ErREAT {US1ReLL

S0%=11:57E?a 1

B F25F a1 RuUL?s-L1
Y JTa0ts0i 0283s-01
475 e-01 : /.500e-01

R ~ Ghu?a-dl A TERRAD

E26f=-07 1a O07e-01
Saidt =i 2 5 254N
4 706a-1" . 2 50aa-0]
: " R00Se-07 ;2 fhas-01
J f R e VLTS R

i 1 B89+ 225501
'| Fio R R L (PR |
: ©1 465203 FEMR-CD

|' Danzity Mot 0|, Tesla

12 SEGMENT, RECTANGULAR MaGNET HaLsacH ARray DIIFN:IILE ResuLr, 68 Desree oFrFseT



AR R =
'.l. “ ) e
1 % o) i
k STUUF ] MO e
ldFe s 17 eE0s T At
- e bl 1 G
.I‘. Ir i
e = ez 07 ".-1."-‘-(:,” i 3 {,/ F el “E'__""'T'“

S e T ; [ ; . [ R i L |

: g, R % : 4 ]
»hedFed 37110 e . BT o i i) :
g 1 | o , £ £ d _-?I'ﬁ,,. Sl |

i . X
| : } gl : I
x 5 + Ly S ] : [ ' G

- L A AT i) .
; e

Ml 3 HE D MdT2E 3T MG e f

_____ ot S

: . e Sl b PEd TGO o :
Tk ! ; ol A Ei
PP T B | h Bl :

1

at

i SMsFeRWMED: T iy
e iy o A £

12 Secrent, rectamcuiar macHer Hasacw smmar Drpoe MooeL, B5 Deeres oFrseT

3 1 ddla=0 x| Elfz+L]

3 14642 00 -1 44le- 10
133%a-00 1.144a-00
Foed 113 00 1.280e-00
A 1137e-00 1.2 Je-00
2 1081 =0 - 11300
B R A B
L It 1854211
o | a4are-r" Arehs-T1
FON N 5 A B |
CO | RSNl
| arsver aerEed
v [ 5308=-0 40872 0
o | M VS LR
) [[E] 272420 qEnz=0d
| a03e=-01:3704=-11
| R R TR
| R RS Y R
H R R BN R e E L
(| <5 58" e 0. T (2.0
{| Jersity Flot D), Teela
i
i
i
i
t
¥

12 Secwent, REcTANGULAR MasKET Haisacw array Dreore Resuor, 65 Desree orrser



e i teihin
5 i v

gt T INE SRRSO

| ihdFe3SecOs

e

e 4

3 LIBdFan T Ml

g / Lo \ -5 ____....n-.’. TR A L A
L :@tﬁ’aﬂrﬁﬂ?ﬁwti O i o SR T T
J x . pl B . ey T e ‘a E 7 iy

V¢

G sk dreni MeCe i -
3 =k < oy e R T b e b @ ; 3 ¥
FoeahdT - ek e 2 e S BT SRR p

O (NEFE3ITMGIN el et ® /
TR AT RO, ; B 2o ; Y /

I,'J_.-'\-.-'a_.E 3_:Llr-_-'|:,g,a Y = : . ’ '.."r

A50e10C: »1.527=- [0
TATe+NC * AT0=+0C
T 203e+00 7 3T0e+00

5 I3t eIC * 2682400
i 145 400 .7 Zd~penr
i, 41 MiRz+00 1 1558+00

R R - ) R I TR R
, ERREE T P E -
i E303e-01- 7 it Tie-m
T0fh-11 . 8353801
L= Lt = | R TR T
E AT - £ 37 =11
T 4501 0 1030
5EZe-11 5 408e-01
B - VI B R |
T08de 075381 -1
L | e T |
T ot | el x|
TAETE-TE - ' i)
© L] 0ra-nd e a2
Tans b Tt |05 Tazle

[LITITIITITE

12 Secwent, recTanGULAR MAGNET Haeacn array Drreore Besuot, 70 Decree oFrseT



. | §dF=D AR MG 0s
 leEsEdMGEe Yo iy
1. il

g ) -, ¥ : .-u\
- _;,.I?dlﬂ':- 1 MG ,
- —_ ':I
& -7 \
- “ 4
% e T bl i
AFRRIT MR . HeFet 7 M :
n a e .
I + : + R A
¥ . ¥ k¥ L] B Eom
< £ i . :
£l B PO |
4 g |

Ak "'-_'i. { . b L i

L T :'-'J.';h:'-:FFJ'H.'-‘-E-: ol o
& ]

AR ;
. ¥ : !
i - I'._ . " 2 P ? ) N
ERH Y M b - X [ d7eB 17 RGO
s . 3 - _" |II
X L2 - i g o e 4 - .-'rl
Ko HonEh R e R e L R TR :
Roooh HdFED 2 4G e i 3"
iy ;iMaTeE IEMICe _
? ¥ VR Ry
|II .' at ; 1 (.

et e ¥ i
o, L &t £

17 Seemewt, RecTAnGULAR WAGHET Hausacn armar Dieore Mowee, 75 Desree orrser

s
B
1
[
. 5
3 1
I‘-
|
;
l
o
4]
:
i
t
)
3
;
;
¥

12 Sesment, rectancULAR MaGHET Haleacn srmar Drirowe Resuur, 75 Drecree

“.3a0e-0)

ide-i]

T

e
Sd3eal
Li.Tm+Ll

290301
37 -0
15l
7534 Ul
LA T
6 G-l
L 34k
LA
Ty b

215250 G
S AGTA+I0
TATR2rd0
CIFa+IN
:1.227 e 10
“1115%-L1
1.04%e-11]
EREEERR
F1AM-T1
3.377a 01
FEd0-L
sNP1e-Cl
5.7 C3e-[1
L ETEE M|
JAEE2=-C1

JE1ET R E e
T 209l T0E5e0]

: F] 330 D 3 S0
E TaTgqe-12 | 537 1=411

I| M sdGle 0t 7etde 02

,Liens 7 Flat [B), Tezla

| TSR T

OFFSET



o ; LML A

¥ o .'*'-:'-{3-31 e s L
. gt (A=l P st
ot . £ + . =1
AR i anr O

.""_IJF'H:"’&"":-';';J";-'.. Lo 2% i
o # . ./_.‘ . i w _ _

A 1 :
R . - "
W ﬂ, ; Jsrl o I ‘
5 ) J
= B i . : ) e ; .-llr
oo g NGFEBATMCS e Tl T f

Wy o TV e A ' i

12 Secuent, recTemGuLar MaGHET HalsacH srray DrpoLe Moper, B8 Decree oFfFsET

S | 929400 31 §203+0)

13742100 14501

S 1297 00 1,27 0e 0
A 1 221e+00: 7 20700

3 | R EE= R B
_ 106+ 00 - 1.1 S+
' 9313201 1 GETe sl

L] e Che-11 2e18ed
B3R 7 RAu
T a5le4 330 %a 0
8 dbde Gedlnll
|. e CIC?==01 sngdedll
3 LB i % " Bt A0 DFe-
I|I i '|I|'| 'I.ll'. E \I,::'\\}t s i T S AMEu-dl R Radel
Fo A 3 2320e-1  4GEZEO

1|I i ‘ (R P R e R
o

| i
§

21%%=s-1 3051
133320 I 206
TA03=-U2 1 B3zl
ZBACFs0L. PR da-C1
ansity Flok ||, Tezla

17 Secwent, recTaculaR macheT Halsac esrray Dreoe Resuir, 80 Decree orrseT



R T A

; sabiFng S8 Jieet)

FdRed 15 mAne 3 L B i
3 b S SO

a j

i e e s e < . S
: A1 NATeB T HIDs

- n’.
L.
[ G "
S B A i cooahsReRMGIs i
i i
A
= ' i !

SEMFeS PMLIe T 5 f

i 5\ e Frgty e b ','-u_*é? : i
L fd o hIdFag ¢ MECe o T K, B P /’

' ' dFRE ST L i : i

TIdFeB THIGLE ,f’/ oy {5 J

b

il !

fi T H o

Facis : "]
12 Seament, recTancuLAR wacheT Haieach arravy Dipore Moper, 90 Desree orrser

| Azza+00 > 497=+70
1357400 - 19222+ 11

|2 ies0l [4973+0
. 1A+ 1Tz Nl

G o W E L Lt
. [ 1 Q4B+U0 112724001
o e B T -

& | 498EN - el
. 1132501 3530e-T
Pdzde 01 3l40e N

% LA ddbedll 7 4380007
; :i: 5 2387501 L5736

F R & 135= - 30870

s Lo alsn 5537

il | Eraze 0 4Ly

S S 1| R T R

CO el E (R =k

| |1 #Een s 2idbaeun
: fARLAHE | ARhel )

:|' T #1.8980 04 75012 02

§  Darsite Flot |B|, Tesa

i

i
7

.
_1/

12 Secwent, recTAncuLar MacMeT Haisace array Direore Resucr, 99 Decree OFFsET

Note: An offset for 85 degrees was not tested as the tendency was




already apparent at this point in time

e e %
..n-"'-'- t i H'.F'- it
HoteE HERE T MBS 17 iae
e T ok
i : L FFEZa7 ME0e
; \\ ST RO £ ; /}F i
R b [
S il L E - 7B 1 508
a; Dt L
oo L ; {0 spdFed MEIE
! :,Nﬁa.ﬂgfmm o L ik : % :
e G ' e T e 5 wecs
| e PR AT MG T (I I, I': Ljp S
Ik 3 (2l 1 ; hapte G i
SEGRL N i 2 / e i
L g e T Ly I 1y
= e 'H_L._.#II;-:]_H____.. £ e ] F .;-aNuFEE.-II._I.'F H.?E"E'
'._'. Ak s '-.I'. ] g . i ‘_\_ ._r. : ]
el haFenMaDe ST ahdras GO
Vi e
e S eRne S S . L aHAFRR ST MOCs
E s B U it | 4 S
o ] = . ]
L] + ! i A - 7
e U picee anhoeEE ariEhEs 1T Mide
: e .-f El f i ' ."-L i
AR : | ol Y . _ J
) _";_\_._L LEa LE¥, ;

2@ 3Secment QuapruroLe MapeL

] 1 5R=17 »| 4892+l
F 1 3d0e-10 1.4 te-10
11 20e-07 | 390e-00
17 2e- 00 1 b -0
e Lt Te=NT 119 3a-0]
11 093207 :1.1172-L0
[ 5 0fte-0] 1033+
[ O P PN
C13aL] L=
0 ATl F T2
£ 711801 7 47e|
T I A T
A1 DA
445z 01 :CM3= 1
Rt | R BT LN
[ L e =
IS BT PR |
T AR0-~1 7 220001
7B ;1 4e=-N
1 TAe-Ly 7 Aake-U2
Lertty Tal- |H Tesa

[1]

20 Secewr QuaoruroLe ResuLt



1,288 4000 ; 31,35 12-00
1216w=00: | 20200
(RE T L B B TR

101 3a+00 - 1081 @40
15701 1 01 ImeQD
110301 %459
47 [ 4m-01 | 873340
17 43301 11 0he0
_ aTERe 01 7 AT
IR e=01 A e
| G AnSa-a] 409 e
| ATl 5 Se

-0 A 3
1 &0iteD) 2 001
¥ #f w01 - 2 0d e
LSid ]
T 05 b Teder i

30 Secwenr Heseore Resur




.-'F"'-“"'H ;' i g
T .\.. 2 :JllﬂF s = E@Eﬁ'n '% -0
R e o ?;_ﬂ;.@:»‘bﬂ.':l?ﬁﬁ‘-:l& _
L opbEEERNIGE L S et
JMEFERRRARDS. eyl 0T ghdreS 37 ND0e

Xy .)n__:.-... @'&F&'J '_I'E;"‘:.-@I:.-g: drky

Mo fLRE 2 ol . ! e
TSR MG e S0

o A ? Tl T i 4. =] Al K
k) goret aniEags T Ve tenne i B S RIE e B AN L 1'%..
Ey = - i @-Im_-_ﬁ; "‘.:':r-‘--!jﬂ o ] ||
: Y o |l
S Ve i ;
. i _ghidFed ;_F_'L*S'IIE i
sl Tl B &
RGN T {“ 1G7e : . !
- 4‘.‘ Fy i F 7 . |’

R -q‘c.lr-u".- Arnne
e BEatiA

; o .;‘:i‘ld-‘:ﬁ':l;? ; :

! C becep TR ok
m e _esa.fﬁq_;___d_ i lpen
o e TR :

R el

1' : 1-:' T §

-

1t de 51 44l= 010
1.76%+00: " 25de-01
LTS3 =T TR R |
1.023+00 " 15 g1
HRTEE AT\ R P, T
231 Je-01 2578e-11
RSV T |
| FYF-01 AEdTR-DT
LA Tedn rA3e
FEEi-Al TE170N]
Sa0tal Ak 2e-ul
T AT PR
Ag5er-01 5522a-01
2061 01, &2l
THTERAN ARSI
2ecle-0l: 33z 01
T fedl] - 2EE N
122701, 1.554a-01
£aBde 02 1 397
22 135r-15 5 659607
e Eihe 23l ], Peila

THRTRAY

[ ¥l

EODRED AN NN EE

=




ﬁ Secuent DecapoLe Resuct

b.d1de-00:° 207910

17 duedil ™ 207
107 Ja 0l 1144810
AT & ;" A
r2hde01 el
ESEda 0l 42sBa Dl

7 NFHLNT W B3

] 763e0" T.6éde-0
L] A d87e-m 7.0 5 4u-m

] 5 7ederd] 4417801

1 5 J07e-01 572001
42901 GTNTe-M

| 15Tée 21 42%2e N
JHAL=T AN AT

1 & 196er)|  10E1e-01

1 43e-0 o0 2l

TG =1 Tl

) A4 Ja: 7153 02




w1 IETe-001

0.000e-001 5,
4. 167e-001 - 5.
3.033e-007 - 4.
2. 000e-001 5 3,
[.BEfe-00]| ; 2.
B33 002 1,
— 48333002

Density Plot; |B]. Teska

7

P #

APPROXIMATION AT CENTRE oF AXIAL FLUX HALBACH ARRAY

Dairsity Pint: |2, Trsta

APPROXIMATION AT PERIMETER OF AxtaL FLUX HALBACH ARRAY



o 2 L203e 1000
TG e +000 1 A 30+
o LOS0C+000 7 1 Ve FeH)
Y. 5390001 10450
B.t67e-201 : 5.133e-00
fO00e-00 | 816/ e-00
5.0 3e-001 ; /.000e-00
4667c 001 : 5.833e 00
1.500e-001 ; 4.bb/e-00
23006001 ;3 A00e-00
~ |L.IEfe 00} ; 2.333e 00
<176 Ve-001
Densily Mot |B|. Tesla

3

13e-0M ; 105040
Fe-007 : .1 a-00)
Oe-00] - B 67e-00
.00 0e-000 & 700000
Tl | © 5 E33e-00]
! 4 fbla-t
i 23500 00|
0 1 3pde00d - 2333e00
<t 167e-1 |
Density Plot |BY. Tesla o

v A H =

MagneTIc BEARING WITHOUT THE STEEL SHIELD

(PROPERTIES OF CUP SET TO THAT OF AIR)



Appendix Il - Maple spreadsheet listings
1. Program to Determine shapes for given speeds

A GENERAL EXACT OPTIMAL ANALYTICAL SHAPES

Let us analyse the differentiable configuration of the piecewise disk
profiles ,it will be constructed from five basic shapes as we are going
to give the proof :(this study is done when we see the involvement of
the exponential shape ,i.e ,we assume to be in the medium-speed and
also we are in the closed set or interval [0,1] and have different
locations p[1]...p[6] that can vary according to the speed in the closed

set ):
> 1. Find The first shape w[1] that maximises e(k,w).
>

> The differentiable configuration of piecewise disk profile is a hole
i.e e(k,w)=0 if and only if the shape w[1l(r)=0.

-
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In, this, case
Py= 0
Pg= 1
N=35
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now, this, case, For, theFirst, shape, we, must, have



P3 =Py

Py =Pg

Ps=pg
N=35

now
As, We, know
To, maximise, e(k, w), At, this, stage, elk, w), must, be, Zero
e(k, w) =0
Frs
!cg [. r3 wi(r} dr
“ »4
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J rwlir} dr

21
For, this, quotient, To, be, equal, To, zero, The, Denominator, must, be, different, To, Zero, And, we, Have
Pe
K ( r? vy (r) dr =0
ot
P
For, The, product, To, be, equal, To, zero, icz, must, be, different, To, zero

And, we, obtain



£6

JA .*"3 wi{r) dr=10
#

the, same, way, of, thinking
The, Integral, Is, zero, when, r3 =0, And, wy(r)=0

Hence
The, First, basic, shapse, In, the, interval, that, define, The, Hole, In, The, configuration, Of, piecewise, disk -
Is

W](i‘:] =0

> 2.Find The next shape w[2](r) that maximises e(k,w)
>

> The configuration of the Profile, at the location [pl1,p3] in the
medium speed kl<k2 ,of course ,is dominated or influenced by the
involvement of a certain shape w[2](r),with the hole inside , But the
whole is analysed already and w[2](r) starts from the point p[2] .So0,
we can assume the distance between p[1] and p[2],

>

In, this, case, From, the, low — speed, wedassume
But, this, can, vary, according, To, The, speed

> Mathematically , Observing the involvement of the shape wi2]1(r)
,5ee fig 2 , we see two curves ,The logarithmic curve in one side
symmetric to the exponential in another side in respect with the
radius-axis.But if we look at the disk as a two-dimensional
axisymmetrical problem ,we have a figure like a cuttaway while the
disk is rotating. Now letus see how we can analyse the problem with
Differential Equations;

>

>
-
b



% Ji+1

;cz Z J r3 wj(r) dr

i=1

f;
e(k, w)=
N Ji+1
Z rwi(r}l dr
i=1"r,

I

In, the, interval, [pz, 7]
N=35
P1=P2
Py =r
P3=P4
Py =Ps
P5=Pg

pg=r

p
ﬁcz J r3 wz(r) dr

P2

ek, w) =

»
J‘ r w.z(r) dr
P

2, 4
1 k™ (r "?-’24)
ek, w) ==

.?"2 —pgz

1
e(k, w) = "2"(2“2 +P22) kz

In, the, section, [r, 43, where, the, stress, Is, violated, For, The, first, time



43

kz J rg wz(r} ar

elk,w)=
3
j rwg(r)dr
2 4
- kS (a5t )
e(k, w) ==
’ 2 2
?32'?‘

Hence

our, Profile, At, this, paz’ntqg, I

1 )
e(k, w) :""—“é"(q32 +r2) k°

From, 93 the, exponential, profile, Is, pushed, To, the, loft
This, means
1
Gasee)
The, exponential — profile, e

gives, this, condition

SO, with

P, a, Negative, Number

qg = —p22

e

Now, Knowing



This, mplies
Y3

1 20,2
[Fr5¥)

e
KnowingThat

=1

43 = P3

1
Seaaly
W3 e = '1
The, Exponential, profile, serves, As, a, constant, stress, Frofile, ie
SR{r) = s,t(r) =1
Tharafore
1 2, ,2
[-5erstertned)
wa e = S}g(f‘; k‘,}f’z,}"g)

poErrips
Hence

wn(#), The, shape, dravn, From, O, To, p~, back, To, the, Center, Is
2 3 3

73 =1/ -P3°
1 2 2)
—~{(Pmd - k
‘ (2 P3e=r)
wz(r) = w3(r} e
For
ry Er.r f;ipz
With
WB(F), a, Constant — function, thatcouid, be, found, In, the, low — speed

>

b

> 3.The Optimal shape wi2l(r) for High speed .



> However,The minimum mass goal in the section(p[2]..p(3]) as
implemented by locating p[3]for medium speed must now be changed
Instead of drawing an exponetial the bottom (q[3],w[3l{r)) , an
exponetial profile can be drawn, from the top center point (0,deltaf[U])
, down to the minimum thickness line .Here is the analytical form :

>
py= 0
wg(r} =w(1)
w(l) = wS(r}
Henee
1
37
wz(r) =w(l)e
>
>
> 4. The shape w[3](r) that maximises e(k,w).
>

> In geometric language, we can also say that through the point (p(3)
,p(4) ) and at the maximum level (p(5) ,p(6) ); there passes one and
onlyone integral curve, on which these points are ordinary points and
the tagents at these point are the straight line which are constants .

>

-

r

kz J r3 wg(r) dr
73

elk,w)=

”
j r w3(r) dr
F3

now, this, case, For, theFirst, shape, we, must, have
P1TP
Pp =P3
Py =Ps5

Ps = Pg



pg=r

N=5
r
Z
& J ,r3 w3{r) dr
Pz
e(k,w)=
r
j rw3(r) dr
73
2, 4
1 k= (r "P34)
w3 4=3

,"2 "}732
1 2 2
w3 4= Fpg Dk

Hence

Wo g =constant = &L
W‘?(i‘"}= 5]_;

> So , we fix this shape to a certain constant deilta[L] to express the
line with the respect to the geometrical restriction that determines
the mass distribution at the both parts the rim and the hub.

-

> 5.Analyse the shape w[4l(r) that maximises e(k,w).
-

>

> From, theGeometrical, Restriction

wedre, inThe, case, r, isin, thelnterval, p 475

220

2
5 ¥

Accordingto, RealAnalysis, we, sayFor, all, 0 < 2 0, ThereExist, Apoint, O <p 4 suchThat, =20

gwu)

Hence, thederivative, converge, totheFoint, 2 ¢

when, riendTo, p 4



3
im —W()=20
f"‘}p4

.
ByTheTheory, of, differential, of, nonlinear Eguation, We, say, "é“;W(r), Approach, 2 ©, when, r, tendTo, p 4

And, We, Write

3
-é';w(r) =20 (r=py)

NOW, letUs, comebackto, our, study, Knowing
pa=patd
with, Wa g= wz(r), theShape, that, Correspond, toThe, point, r3 which, is, equalTo, & 7

with, d, thedistance That Takes, theSlope, inOther, word, It, shows, how, Thepoint, inThe, slope, is, moving,

FromOneFoint, Toanother, whichcorresponds, tothe, value, 26 (r—p 4)
andThe, shape, at, p 40 s, w 4
Now, connecting, these, elements, according, what, weKnow, already, p 4=pPz+ d
we, obiain
wp4(r‘) =87 +20(r=py)
with, r, inThe, interval, Py Ps
This, result, shows, how, the, maximum Thickness, shrinks, Fromthe, top, &, a, certainpoint, p 4

>
>
> 6. The shape wi31(r) that maximises e(k,w).
-

> In geometric language, we can also say that through the point at
the maximum level (p(5) ,p(6) ); there passes one and onlyone
integral curve, on which this point are ordinary points and the tagents
at this point is the straight line which are constants .

-
-

-
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k‘z r3 w3(r} dr

Ps
elk, w)=
Pg
rwB(r} dr
Ps
2 .
157 (g —ps%)
W5.675

p52—p52
1 2
w5 6=, P52 +pg2)k

1
Ws o= ‘2‘(;?52 +p62} .3:2 = constant

Hance

ws(r) = &‘U

> 5. A GENERAL OPTIMAL ANALYTICAL SHAPE The object of this part is
to study the analytical method and obtain the general configuration of
piecewise differentiable disk profiles, based on five shapes. The five
basic shapes which must be analysed are defined as follow: 1.The
shape which defines a hole . 2. The exponential
constant{maximum)stress thickness shape. 3. The minimum thickness
shape. 4. The maximum slope shape . 5. The maximum thickness
shape.

=
seq(wlil{r),i=1..5)=piecewise{plll<=r0,r<=p[2],0,pl2]<=rdeltal[L]*ex
p((k~2/2)*(p[3]"2-r"2)),r<=p[3],deltalL]*exp({k~2/2)*{p[3]" 2-
r~2)),pl3l<=rdeltall],r<=pl4],deltalL],pl4]<=rdeltalL]+2*sigmalL]*{
r-pi4l),r<=p[5],deltal[L]+2*sigma[L}*(r-
pl4l),pi5]1<=rdeltalU],r<=p[6],delta[U]);;



5};8 ?‘ﬁpS

(wy(F), wolr), w3, wg(r), ws(r)) =
5‘5 pyEr
BU r5p6

> Let Ul = w(l) =0 and U5 = w(5) = d(L) the bounds of our integral
e{k,w) in the range [0,1] And let U2=w(2),..,Ud4=w(4) be the bounds of
e(k,w) in the range [p(2),p(5)] . ILLUSTRATIVE PROBLEM The
optimisation problem is replaced by the discrete scheme. Practically
we need to find w{i) which maximizes e(k,w) subject to some
constraints.

-

FIND: {WI[il};WHICH,MAXIMISES;e(k,w):=k”2*sum{‘int(r” 3*w(r),r=rlil..
rli+11),'i'=1..N)/sum(‘int{(r*w(r),r=rlil..r{i+1])","'i'=1..N);;subjectTO;sub
jectto;delta[L]<=W(r);W(r)<=delta[U];abs(W(r))<=2*delta;s[R]l(r)<=1;
sftaul({r)<=1;

FIND
(W,)

WHICH, MAXIMISES

\
NP+

kz Z [ r3 wir)dr

i=1%7
i

ek, w) =
N i+l
E j rw(r)dr

i=1 %



subjectTO
subjectio

5, <W(r)

W(r) S&U

Wir)|<25
SR(?"}ﬁ. 1
s,t(r)iil

> Divide the interval at the points p(1),8€|.,p(6) with 0 <=
p(2)a€ia€i<= p(5) <= 1.

>

> restart;n:=6;P[1]:=0;P[6]:=1;d[4..5]:=(deltal[U]-
delta[L])/(2*sigma);freeParameter;;P[4]:=pl[4];;restart;P[5]:=piecewis
e(P[4]+d[4..5]<1,P[4]+d[4..5],p[4]+d[4..5]>=1,1); P[3]:=piecewise(0<
=k[1],pl2],k[2]<=k[3],p[3]1<=q[3],0<=rq([3],r<=p[3],q9[3]1); {p[3]1} <Pl4
I;P[2):=piecewise(p[l]+d[1..2]<p[3],p[1]+d[1..2],p[1]+d[1..2]>=p[3],
pl31);;

n==6
1t
.57 5
JreeFParameter
P4:=p4
Fatdy 5 Pytdy 5<1
P3S4z kySky
ADB::
Q‘B GSJ"
43 rng




pitdy o pytdp o <p3
73 p3spytdy o

>
>

b
restart;W(R)=piecewise(p[1l<=p[2],0,pl[2]l<=pl[3],expl(e(w,k)),p[3]l<=p
[4],diff(e(k w),w)/e(k, W) de!ta[i.].p[4]<-~p[5].d|ff(e(W.k),w).p[5}< p[6

*delta;

e(w, &)
e Py Sp3
i k
- ek, w)

e ——— =
WRY={ etkwy L P3%P4

™ e(w, k) P4=Pps
d
g elk, w)
L elk,w) =%y P5=pg
bound_cond = ’ —w(r)|£28
or

> The integral will be transformed into a finite difference form by
linearizing the Disk e(k,w)l a€!.e(k,w)5 . At the location of pl to p2
,<the shape is analysed as follow ; pl < p2 and p2 = p3 = pd4 = p5 = pb
; as long as from the first fixed point pl where no stress is applied
and the sequence of k values is non zero, i.e the speed at this case
start at low then goes to the high speed. Hence the integral e(lc,w) at

2 t[z'3w (r)ar

e &w)=0=f jr——

l[r w (ridr

this range is zero. For this integral to be equal
to zero , the integral in the numerator must be zero with the condition
the denominator different to zero and k different to zero . Then I'll

J row(ridr =0
have ; ¢ Hence ,w( r ) = 0 with condition 0 <p(2).

>

>



restart;TheFirstShapels;;;e(k,w):=k*int(r~ 3*w(r),r=0..p[2])/int(r*w(r),r
=0..p[2];wlll{r):=e[0..p[2]1(k,w)=int(r~ 3*w(r),r=0..p[2]); WI1l{r):=int(
r~3*w(r),r=0..p[2])=0;;

TheFirstShapels

P2
3
kj roowlr)dr

P

'[) Ar wir)dr

e(k,w) =

P2

i) =eq (k) =J P w(r) dr
0

F2
. 3
wl(r} :=’! rw(r)ydr=20
0

>

> Now, let us see what is happening to the next shape of this profile
:from the location p2; We have an exponential shape at the range p2
< p3 Where pl = p2 and p3 = pd4 = p5 = p6 ,and if we have a look to
our linearized integral we have to compute only any the integral of
any function at this range p2 to p3 , which will be our exponential
function.Use The same technique for others.

>

>

> In geometric language, we can also say that through the point (p(3)
,p(4) ) and at the maximum level (p(5) ,p(6) ); there passes one and
onlyone integral curve, on which these points are an ordinary points
and the tagents at these point are the straight line which are
constants .

=

restart;;w[3..4):=factor(k” 2*(simplify({int(r~ 3*wip[1l<=pl[2]],r=pl1]..

plll)+int{r ~3*wipl2]l<=p(3]],r=pl2]..p[2])+int{r " 3*wip[3]<=pl[4]],r=p
[3l..r)+int{r~3*w]pld]<=p[5]],r=p[5]..p[5])+int(r~ 3*wip[5]<=p[6]1],r=

pl6]..pl61))Vsimplify(int{r*wip[1l<=pl2]],r=pl1l..p[1])+int{r*wip[2]<=
pi311,r=pl2]..pl2])+int(r*wipl3]l<=p[4]1],r=p[3]..r)+int(r*wipl4l<=p[5]]
JI=pIsl.plsh+int{r*wip(5l<=p[6]],r=p[6]..p[6]1))));pI3]1 " 2;ls,negative;

pi3l:=sqrt(-p(3..4]1"2);;wi3l:=w[3..4]=deltalL];

1 2, ,2



}3‘32

is, negative

3 1=’x;‘ P3 42

1 2, ,2
w3zz*2‘(—p3“42+r YT =8,

>

b

restart;;w[5..6]: =factor(k " 2*(simplify({(int{r~ 3*w(p[ll<=pi[2]],r=p[1]..
plil)+int{r~ 3*wlp(2]l<=p[3]1],r=pl[2]..p[2])+int(r~ 3*wp[3]<=pl4]],r=p
[3l..p[3])+int(r~3*wipl[4]<=pl[5]],r=pl[5]..p[5]) +int(r~ 3*w[p[5]1<=p[6]]
ysr=r.p[51)))/simplify(int(r*wlp[1]l<=pl[2]],r=p(1]l..p[1])+int(r*wlp[2]<=
pl31],r=pl2]..p[2]) +int(r*wip[3]<=p[4]],r=p[3]..p[3]) +int{r*wlp[4]<=p
[511,r=pI5]..p[5])+int{(r*wip[5]<=p[6]],r=r..p[51))));p[5]:=sqrt(-
pl5..6]1"2);;;w[5]:=eval(w([5..6],p[5]l=sqrt(-p[5..6]))=deltalU];

1 2, ,2
W 61=5(p52+r Yk

Ps=1fP5_g°
1

2.2
S(Ps g2 Fr )k =3y

Wﬁ =
>
>

> For high enough speed k ,the maximum level ; we locate a point ¢g(3)
where a strength constraint is first violated, the shape w(3) Is now
replaced in section [p(2),a(3)] by an exponential w(2) drawn from ¢(3)
backwards to the center. at this point we muitiply w(3) by the
exponential function.

-
> restart;wi2l(r):=w(3)=w[21;

wolr) = w(3)= Wo

=

> As a result the stresses drop in the whole disk below the maximum
permitted level. In order to maintain the strengh conditions by
applying the minimum mass at the section , point g(3) together with
the exponential profile is pushed to the left untill a critical point

. =1
q(3)=p(3) is reached for which the condition S“(p3) S'(p3) Is met.

> Theorem Suppose that w(2)(r) is differentiable and non-zero on a
shaped open set G. Then there is a differentiable function e(k,w) such



ethw)
that , forrin G; €

>

= w,() Notice: the disc D(p2,r)isin G

>

>
restart;theNextpiecwiseintegral,FromTheLowSpeed, k,Is;restart;;e(k,w
)=k 2¥int{r~ 3*w[2](r),r=pl2l..r)/int{r*w[2](r),r=p[2]..r);;thesecondSha

nt{r~3*wiplll<=pl2]],r=pl[ll..p[1])+int{r"3*wip[2]<=p[3]],r=r.pl31)+
int(r~3*wipi3]l<=pl4ll,r=pid]..pla])+int(r" 3*wipl4]<=p[5]1],r=pi(5]..pl
5D+int{r"3*wipi5]<=pl6]]l,r=pi6]..p(6])))/factor{int{r*wip[ll<=pl2]],r
=p[1l..p[lD)+int(r*wip[2]<=p[3]],r=r.p[3])+int(r*wip[3]l<=p[4]],r=pl4
L.pla])+int(r*wlpl4]<=p[5]1],r=p[5]..p[5])+int(r*wlp(5]<=p[6]],r=p[6].
pl61))));pl33:=sqrt(-p[3..4]1" 2);; wl2]:=eval(w[2](r),p[3]=pI[33]);

the Nextpiecwiseintegral, FromThelowSpeed, k, Is

r

i J r wo(r) dr

Py

r

[. r wzﬁr) dr
u’pz

thesecondShapels

Hence

2(1 2.1
(3% 202}

WZ =g
> At this point the Exponential Profile serves a Constant stress profile

= =1
i.e ’5“‘(‘?) S‘(r For 0 <= r <= p(3). So, this result gives the result of
the proof of the Theorem for the High speed k,

- - ~lethw)) - =]
1=y dw, ()= 5.e ! creates the condition ** r) ’5*(r) Point
at which a particular value is attained .

> HENCE;w[3l:=delta[L};;W(2)(r):=w[3]*L/w[2]=w[3]*exp(~
(k~2/2%(r~ 2-p[3..41"2)));;

HENCE



Wo = SL

1.5 2 .
s, 3 )
W(2)(r)=——=8;e
W

VvV VvV V v VvV

-
forall,2*sigma>0,Thereis,pl[4]>0,such,That,abs(diff{W(r),r))<=2*delta;
Hence, limit(diff(W(r),r),r=pld])=2*sigma;ByTheTheory,of, differential,o
f,nonlinearEquation,We,say,diff(W(r),r),Approach,2*sigma,when,r,tend
To,pl4];And, We,Write;;restart; diff(w(r),r)=2*sigma*(r-
pl4]);Now;TheSLOPE,As,definedBy, his,interval,p[4]..p[5],is;p[5]=pl4]+
d;;with;wi3..4]:=delta[lLl;weHave;;;;;;;; diff({wlpl4]<=p[5]11){(r),r)=w[3..
41+ 2*sigma*(r-p[41);

Jorall, 0 <2, Thereis, O <Py such, That, 228

9
ogr ()

&
Hence, lm —W(r)y=20c
oF
r——)p4

d
ByTheTheory, of, differential, of, nonlinearBgquation, We, say, é‘”W(;’), Approach, 2 ©, when, r, tendIa, p 4
r
And, We, Write

&
—w(r)=20(r=py)

Now
TheSLOPE, As, definedBy, his, intarval, p 4?5 is
Ps=p4t d
with
w3 470
wetHave

2

aywpz‘gpﬂ(rjz Sy +20(r—py)



> MATHMATICAL,ANALYSIS,FOR, CRITICALPOINT;
MATHEMATICAL, ANALYSIS, FOR, CRITICALFOINT

>

> TheFirst,derivativelntegral;diff(s[R}(r),r)=-(s[R]-s[tau])/r-
{diff(w{r),r)/w{ry*s[Rl+k"2%r);

ThaFiret, derivativeintegral

&
8 R (E“’(’)JSR .
or Rr)=- o w(r) T
> restart:s[R]:=s[taul;s[taul:=1;;:diff(s[R}{(r),r)=-(s[R]-s[taul)/r-

(diff(w(r),r)/w(r)*s[R1+k" 2*r);;;eval(-(s[R]-s[taul)/r-
(diff(w(r),r)/w(r)*s[R1+k~ 2*r),r=p[31)=0;;;-

diff(w(pl[31),p[31)/w(p[3]),pl3])=int{k"2*p[3],p[3]);

SR',zS,E

1.2
~1n(w(p3)) = '2";’5 P32

> restart;w(p[3]):=delta;-
In{(w(pl3]))=1/2*k"~2*p[3] " 2;Criticalpoint;;; p[3]:=sqrt(solve(-
In{w(pi3]))=1/2*k"~2*p[3]"2,p[3]1"2));with;delta=delta[L]/delta[U];

W(p3):28
1.2
-1:1(5)=§S: p32

Criticaipaint



[ )
pz - T
k2

with

Ca

o
H]
Sl

Now,letUs,locate,theNextpoint;p[4]:=pl[3]+deltalL];
MNow, let Us, locate, the Nextpoint

N (O B
2474 2 L

> p[5]=pl4]+d;
] me)
pﬁ"',o e +5£‘+d
k
>
>
>

restart;but, forHighspeed,criticalPoint,Is;theintersection,ofThe,curve,A
nd,theline,with,r=0;

but, forHighspeed, criticalPoint, Is
theintersection, af The, curve, And, theline, with, r = 0

> Hence;w[3]:=deltalL];w[2]:=delta[UT*exp(-
k~2/2*p[3]"~2):w[3]=w[2];p[3] " 2=solve(w[2]=w[3],p[3]1"2);p[3]:=sqrt
(solve(w[2]=w[3],p[3]"2));

Hence

Wy :mﬁg

1 9 )
P 2
(2 3

WZ 2=5Ue



2. Program to determine Inertia and mass for given size

> A=(3+nu)/8*rho*omega~2*r2"2;

:
A:g(3+v)pc~)2r22

B=0

> sigma(r)=(3+nu)/8*rho*omega~2*r2" 2-
(3+nu)/8*rho*omega™2*r"2,sigmaf(r);

1 2 .2 1 2 2
s:s(r)=-8-(3+v)pca re -§(3+v)p<:o re,ol(r)

-

> sigma(theta)=(3+nu)/8*rho*omega”2*r2 " 2-
{1+3*nu)/8*rho*omega™2%r~2;

1 1
0‘(6)=§(3+\J)pc02r~2~§{1+3\})p®2r2

> restart; Ve:=int(delta*2*pi*r*exp(l/2*k " 2*(p[3] "2~
r~2)),r=pl2l..p[31);Vd:=pi*{p[4] "~ 2-p[3] " 2)*delta;

-
1 9 .
(5*: @33'@2)}}

k2

&

&nL—l%-e

Vo =

Vd=mn (p42~p32) O



> restart; pi:=3.14; pl[2]:=0.03; p(3]:=0.0884; pid4]:= 0.112;
delta:=0.02; rho:=1960;
ki=2.429;Ve:=int{delta*2*pi*rrexp(l/2*k"2*(p[3]" 2~
r~2)),r=pl[2]..p[3]);Vd: =pi*(p[4] " 2-
pl3]1”2)*delta;V:=Vd+2*Ve;m=rho*V;

n=314
Py =03
P =.0884
py=.112

&= .02

p = 1860
ko=2429

Ve = 00043869342

Vd = 000297008832

¥=.001174385672
m = 2301815517
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Appendix IV - ATMega 128 Brushless Controller Program Listing
Program 1: Single Phase drive with Hall sensors

[ s b stk sfe s b s s sfese ol st ool kol s s o sk e o o sl s s ke e o o e s s ofe o s o e sk e ke sl

This program was produced by the
CodeWizardAVR V1.23.8d Standard
Automatic Program Generator

@ Copyright 1998-2003 HP InfoTech s.r.1.
http://www.hpinfotech.ro

e-mail:office @hpinfotech.ro

Project : Single Phase drive with Hall sensors
Version :

Date : 12/29/2006

Author : Dave Johnson

Company : University of Capetown
Comments:

Chip type : ATmegal28
Program type : Application
Clock frequency  : 8.000000 MHz
Memory model : Small
External SRAM size : 0

Data Stack size : 1024

ek s sfeste e ofe s ofe s e feofe s o e o o oo s ke e s ook o s ok ol ok ko sk skt s skeok ool f

#include <megal28.h>

#tdefine FIRST_ADC_INPUT O
#define LAST_ADC_INPUT 0
unsigned int adc_data[LAST_ADC_INPUT-FIRST_ADC_INPUT+1];
#define ADC_VREF_TYPE 0x40
// ADC interrupt service routine
// with auto input scanning
#pragma savereg-
interrupt [ADC_INT] void adc_isr(void)
{
#asm
push 126
push 127
push r30
push r31



in 130,sreg

push 130
#endasm
register static unsigned char input_index=0;
// Read the AD conversion result
adc_data[input_index]=ADCW;
// Select next ADC input
if (++input_index > (LAST_ADC_INPUT-FIRST_ADC_INPUT))

input_index=0;
ADMUX=(FIRST_ADC_INPUTIADC_VREF_TYPE)-+input_index;
// Start the AD conversion
ADCSRAI=0x40;
#asm

pop 130

out sreg,r30

pop 31

pop r30

pop 127

pop 126
#endasm

}

#pragma savereg+

// Declare your global variables here
void main(void)

{

// Declare your local variables here

char stateflag, trigflag;

// Input/Output Ports initialization
// Port A initialization

/ FuncO=In Funcl=In Func2=0ut Func3=In Funcd=In FuncS=In Funcb=in Func7=In
// StateQ=T Statel=T State2=0 State3=T Stated=T State5=T Stateb=T State7=T

PORTA=0x00;
DDRA=0x04;

// Port B initialization

/f FuncO=In Funcl=In Func2=In Func3=In Funcd=In Func5=0ut Funcé=In Func7=In
/] StateQ=T Statel=T State2=T State3=T Stated=T State5=0 State6=T State7=T

PORTB=0x00;
DDRB=0x20;



// Port C initialization

// FuncO=In Funcl=In Func2=In Func3=In Func4=In Func5=In Func6=In Func7=In
// StateO=T Statel=T State2=T State3=T State4=T State5=T State6=T State7=T
PORTC=0x00;

DDRC=0x00;

/f Port D initialization

/! FuncO=In Funcl=In Func2=In Func3=In Func4=In Func5=In Func6=In Func7=In
/1 StateQ=T Statel=T State2=T State3=T State4=T State5=T State6=T State7=T
PORTD=0x00;

DDRD=0x00;

// Port E initialization

// Func0=0ut Func1=0ut Func2=0ut Func3=0ut Func4=0ut Func5=0ut Func6=0ut Func7=0ut
// State0=0 State1=0 State2=0 State3=0 State4=0 State5=0 State6=0 State7=0

PORTE=0x00;

DDRE=0xFF,

/! Port F initialization

// FuncO=In Funcl=In Func2=In Func3=In Func4=In FuncS=In Func6=In Func7=In
// StateO=T State1=T State2=T State3=T Stated=T State5=T State6=T State7=T
PORTF=0x00;

DDRF=0x00;

// Port G initialization

/! FuncO=In Funcl=In Func2=In Func3=In Func4=In
// StateQ=T Statel=T State2=T State3=T State4=T
PORTG=0x00;

DDRG=0x00;

// Timer/Counter O initialization
// Clock source: System Clock
// Clock value: Timer 0 Stopped
// Mode: Normal top=FFh

// OCO output: Disconnected
ASSR=0x00;

TCCRO=0x00;

TCNTO0=0x00;

OCRO=0x00;

// Timer/Counter 1 initialization
// Clock source: System Clock
// Clock value: Timer 1 Stopped
// Mode: Normal top=FFFFh



// OC1A output: Discon.
// OC1B output: Discon.
/1 OC1C output: Discon.
// Noise Canceler: Off

// Input Capture on Falling Edge
TCCR1A=0x00;
TCCR1B=0x00;
TCNT1H=0x00;
TCNT1L=0x00;
OCR1AH=0x00;
OCRI1AL=0x00;
OCRI1BH=0x00;
OCR1BL=0x00;
OCR1CH=0x00;
OCR1CL=0x00;

// Timer/Counter 2 initialization
/l Clock source: System Clock
// Clock value: Timer 2 Stopped
/l Mode: Normal top=FFh

/1 OC2 output: Disconnected
TCCR2=0x00;

TCNT2=0x00;

OCR2=0x00;

// Timer/Counter 3 initialization
/l Clock source: System Clock
// Clock value: Timer 3 Stopped
/ Mode: Normal top=FFFFh

/1 OC3A output: Discon.

// OC3B output: Discon.

/1 OC3C output: Discon.
TCCR3A=0x00;
TCCR3B=0x00;
TCNT3H=0x00;
TCNT3L=0x00;
OCR3AH=0x00;
OCR3AL=0x00;
OCR3BH=0x00;
OCR3BL=0x00;
OCR3CH=0x00;
OCR3CL=0x00;

// External Interrupt(s) initialization



// INTO: Off
/I INT1: Off
/ INT2: Off
// INT3: Off
// INT4: Off
// INTS: Off
// INT6: Off
// INTT: Off
EICRA=0x00;
EICRB=0x00;
EIMSK=0x00;

// Timer(s)/Counter(s) Interrupt(s) initialization
TIMSK=0x00;
ETIMSK=0x00;

/I Analog Comparator initialization

/! Analog Comparator: Off

// Analog Comparator Input Capture by Timer/Counter 1: Off
// Analog Comparator Output: Off

ACSR=0x80;

SFIOR=0x00;

// ADC initialization

/1 ADC Clock frequency: 125.000 kHz

/I ADC Voltage Reference: AVCC pin

{// ADC High Speed Mode: Off
ADMUX=FIRST_ADC_INPUTIADC_VREF_TYPE;
ADCSRA=0xCE,;

SFIOR &=0xEF;

// Global enable interrupts
#asm("sei")

stateflag =1 ;
trigflag = 0;

while (1)
{
// Determine whether hall sensor has crossed threshold and toggle inverter switch state
if (trigflag==0){
if (adc_data[0] < 573 ) trigflag=1;
if (adc_data[0] > 572 ) stateflag=0 ;
goto forward ;



15
if (trigflag==1){
if (adc_data[0] < 573 ) trigflag=0 ;
if (adc_data[0] > 572 ) stateflag=1 ;
I
forward: // Jump here to alternate between states every second bump
// Set inverter switch state - first turn do turnoffs to prevent cross conduction
if (stateflag == 1) {

PORTE.2=0; /l Leg 1 low side switch
PORTB.5=1; // Leg 1 high side switch
PORTE.7=0; // Leg 2 high side switch
PORTA.2=1; /l Leg 2 low side switch
}
else {
PORTB.5=0; // Leg 1 high side switch
PORTE.2=1; // Leg 1 low side switch
PORTA.2=0; // Leg 2 low side switch
PORTE.7=1; // Leg 2 high side switch

};



Program 2: Three Phase drive with optical sensors

/*********************************************

This program was produced by the
CodeWizardAVR V1.23.8d Standard
Automatic Program Generator
Copyright 1998-2003 HP InfoTech s.r.l.
http://www.hpinfotech.ro
e-mail:office@hpinfotech.ro

Project : Three Phase drive with optical sensors
Version :

Date : 2006/04/01

Author : Dave Johnson

Company : University of Cape Town
Comments:

Converted to AVR-GCC

Date :2006/07/11

Author : Dave Johnson

Company : University of Cape Town

Chip type : ATmegal28
Program type : Application
Clock frequency : 16.000000 MHz
Memory model : Small

External SRAM size : 0

Data Stack size : 1024

*********************************************/

#include «<stdio.h>
#include <stdint.h>
#include <stdlib.h>
#include <avr/io.h>
#include <avr/eeprom.h>
#include <avr/interrupt.h>
#include <avr/pgmspace.h>
#include <avr/sfr_defs.h>
#include <util/delay.h>

”*=k**=k**=k**=k**=k*



// Declare your global variables
i

Jf kR R ok ok ok ok ok ok ok ok ok ok ok

//************

/{ Define Boolean values
/
//************
#define FALSE 0
#define TRUE i

Jf ok E kR ok ok ok ok ok ok ok o ok ok W ok ook ok

{// define ADC parameter and variable string
//*********************

#define FIRST_ADC_INPUT 0

#define LAST_ADC_INPUT 2

volatile uint16_t adc_data[LAST_ADC_INPUT-FIRST_ADC_INPUT+1];
#define ADC_VREF_TYPE 0x40

volatile uint8_t input_index;

Jf % &k ok ok ok ok

// Define flags

ffF Kk ok k ok ok

/fuint8_t timflag

{/************

// Define Other variables
i

//************

//int8 t ; // 8 bit integers
{// vint16_t ;// Unsigned 16 interger
Hint32 ¢t // 32 bit interger

//****************************

// Define the control parameter Variables/Flash and EEprom

/l defautls for Velocity and Current PI loops
//****************************

// float ee_K_Pv __attribute__((section(".eeprom™))) = 5.000;
Maintl6_t ee_V_Off __attribute__((section(".eeprom"))) = 503;



Jf %ok ok kA ok ok ok ok ok ok ok ok ok

/I Declare function prototypes
"

//***************

void delay_ms(uint16_t ms);
void delay_us(uint16_t us);

//******************

/! INTERRUPT SERVICE ROUTINES

//******************

// External Interrupt O service routine
/I Trip routine for Bus over Current
//*******************
/FISR(INTO_vect)

{

*

//*******************

// External Interrupt 1 service routine
/I Trip routine for 12t over time limit
//*******************
/*ISR(INT1_vect)
{

return;
}H

//**********************

// External Interrupt 2 service routine

I used on azimuth for synchronizing clocks
//**********************

/¥ ISR(INT2_vect)
{

refurn;
YA

J7 Rk ke ok ok ok ok ok ook ok ok ok ok ok ok ok ok

// External Interrupt 6 service routine

/I Trip routine for Bus under Voltage
//*******************



ISR(INT6_vect)
{

return;
}*/

//*******************

// External Interrupt 7 service routine
// Trip routine for Bus over Voltage
//*******************
ISR(NT7 _vect)
{

return;
} ¥

//******************* # sk

// Timer 1 overflow interrupt service routine

// Interrupt routine for inverter sync

// Sends synchonization pulse to elevation

/I drive once every 16 000 000 clocks
//******************* * %
ISR(TIMER1_OVF_vect)// void timerl_ovf_isr(void)
{

return;
}*/

//******************* %k

// Timer 2 overflow interrupt service routine

I Interrupt routine for I2t timing
//******************* * ok
ISR(TIMER2_OVF _vect) //void timer2_ovf_isr(void)
{

return;
¥/

Jf A Ak de ok ok ok k ok ok ok ok ok ok ke ok ok ok

// ADC interrupt service routine
/I Interrupt routine for auto ADC convertion
/**********************

ADCO - Velocity

ADC1 - Velocity Setpoint

ADC2 - Current
**********************/

ISR(ADC_vect)
{



adc_data[input_index]=ADCW;
if (++input_index > (LAST_ADC_INPUT-FIRST_ADC_INPUT))input_index=0;
ADMUX=(FIRST_ADC_INPUTIADC_VREF_TYPE +input_index;

ADCSRAI=0x40;
return;
}
J] % K ok ko ok ok ok ok sk ok ok Kk Kk K
/i FUNCTIONS
i

//*******************

//*******************

// Long delay routine - 1 ms increments

I Increased range for _delay_ms
//*******************

void delay_ms(uint16_t ms)
{
uintl6_t time =0 ;
while(time < ms){
_delay_ms(1);
time++;

}

return;

//*******************

// Long delay routine - 1 us increments

/! Increased range for _delay_us
Y
EEE R ERIEE IR

void delay_us(uint16_t us)
{

uintl6_ttime=0;
while(time < us){
_delay_us(1);
time++;
}

return;

Jf % F R kAR E R R EEEEEEREEEEREE;E

I Main loop



/

/’/***********************

int main(void) {

// Declare your variables
int A=0, B=0, C=0;

char cnt ;

// ¥ Ports initialization

// Port A initialization
"
// Notes: Port A set up by lcd routine

PORTA = 0x00; // Set all pins to low
//PORTA = Oxff; // Set all pins high/Pullup
//DDRA = Oxff; // Set all pins as outputs
//DDRA = 0x00; // Set all pins as inputs

/I Pin state O=low / 1=high
//PORTA = (0b11000011;

//Set infoutput pins O=in | 1=out
DDRA = (0b00000101 ;

// Port B initialization
/
// Notes:

PORTB = 0x00; // Set all pins to low
//PORTB = 0xff; // Set all pins high/Pullup
//DDRB = 0xff; // Set all pins as outputs
//DDRB = 0x00; // Set all pins as inputs

// Pin state O=low / 1=high
//PORTB = 0b11000011;

//Set in/output pins O=in | 1=out
DDRB = 0b00111000;

// Port C initialization
1
f/Notes .

DDRC = 0x00; // Set all pins as inputs
//DDRC = 0xff; // Set all pins as outputs



PORTC = 0x00; // Set all pins to low
//PORTC = Oxff; // Set all pins high/Pullup

//Pin State: O=low | 1 = high
//PORTC = 0b00000000;

/fSet infoutput pins O=in | 1=out
//DDRC = 0b00111100;

// Port D initialization
1/
/{ Notes:

PORTD = 0x00; // Set all pins to low
//PORTD = Oxff; // Set all pins high/Pullup
//DDRD = Oxff; // Set all pins as outputs
DDRD = 0x00; // Set 1l pins as inputs

//Pin State: O=low | 1 = high
//PORTD = 0b00000000;

//Set in/output pins O=in | 1=out
//DDRD = 0b00000000;

// Port E initialization
i
/f Notes:

//PORTE = Oxff; // Set all pins high
PORTE = 0x00; // Set all pins low
//DDRE = Oxff; // Set all pins as outputs
{/DDRE = 0x00; // Set 11 pins as inputs

// Pin state O=low / 1=high
//PORTE = 0b00000000;

/I Data Direction O=in/1=out
DDRE = 0b00001110 ;

// Port F initialization
/I
// Notes:

PORTF = 0x00; // Set all pins to low
//PORTF = Oxff; // Set all pins high/Pullup

//DDRF = Oxff; // Set all pins as outputs



//DDRF = 0x00; // Set 1l pins as inputs

// Pin state O=low / 1=high
//PORTF = 0b00000000

/! Data Direction O=in/l1=out
DDRF = 0b01100000 ;

/1 Port G initialization
/
/{ Notes:

PORTG = 0x00; // Set all pins to low
//PORTG = Oxff; // Set all pins high/Pullup

//IDDRG = Oxff; // Set all pins as outputs
DDRG = 0x00; // Set 1 pins as inputs

// Pin state O=low / 1=high
//PORTG = 0b0000000 ;

// Data Direction O=in/1=out
//DDRG = 0b0000000 ;

// Timer/Counter 0 initialization
/] Clock source: System Clock
// Clock value: Timer 0 Stopped
// Mode: Normal top=FFh

/1 OCO output: Disconnected
ASSR=0x00;

TCCRO=0x00;

TCNTO0=0x00;

OCRO=0x00;

// Timer/Counter 1 initialization
// Clock source: System Clock
// Clock value: 16000.000 kHz
/l Mode: Ph. correct PWM top=ICR1
/1 OC1A output: Non-Inv.

// OC1B output: Inverted

// OC1C output: Discon.

/I Noise Canceler: Off

// Input Capture on Falling Edge
TCCR1A=0x00;
TCCR1B=0x00;
TCNT1H=0x00;



TCNT1L=0x00;

OCR1AH=0x00;
OCRI1AL=0x00;
OCR1BH=0x00;
OCRIBL=0x00;
OCRICH=0x00;
OCRI1CL=0x00;

/f Timer/Counter 2 initialization
// Clock source: System Clock
/I Clock value: 15.625 kHz

// Mode: Normal top=FFh

/1 OC2 output: Disconnected
TCCR2=0x00;

TCNT2=0x00;

OCR2=0x00;

// Timer/Counter 3 initialization
/I Clock source: System Clock
/! Clock value: 16000.000 kHz
/ Mode: Ph. correct PWM top=ICR3
// OC3A output: Non-Inv.

// OC3B output: Inverted

/1 OC3C output: Discon.
TCCR3A=0x00;
TCCR3B=0x00;
TCNT3H=0x00;
TCNT3L=0x00;

OCR3A=0;

OCR3B=0;

OCR3C=0;

OCR3AL=0x00;
OCR3BL=0x00;
OCR3CL=0x00;

// External Interrupt(s) initialization
// INTOQ: On

// INTO Mode: Rising Edge

// INT1: On

// INT1 Mode: Rising Edge
//INT2: On

// INT2 Mode: Rising Edge

// INT3: Off



// INT4: Off

/ INTS: Off

// INT6: On

// INT6 Mode: Rising Edge
// INT7: On

/ INT7 Mode: Rising Edge
EICRA=0x00;
EICRB=0x00;
EIMSK=0x00;
EIFR=0x00;

/l Timer(s)/Counter(s) Interrupt(s) initialization
TIMSK=0x40;
ETIMSK=0x00;

// Analog Comparator initialization

// Analog Comparator: Off

/f Analog Comparator Input Capture by Timer/Counter 1: Off
// Analog Comparator Output: Off

ACSR=0x80;

SFIOR=0x00;

/I ADC initialization
/1 ADC Clock frequency: 125.000 kHz
// ADC Voltage Reference: AVCC pin

ADMUX=FIRST_ADC_INPUTIADC_VREF_TYPE;
ADCSRA=0xCE;
SFIOR&=0%EF;

// Read the default values from EEProm
/leeprom_busy_wait();
/leeprom_read_block(&K_Pv ,&ee_K_Pv, sizeof(K_Pv));

// Global enable interrupts
sei();

i Mutltitasking loop begins
/I All interrupts overide the functions in this loop
while (1)
{
if (adc_data[0] < 654) A =0;
if (adc_data[0] > 675) A=1;
if (adc_data[1] < 654) B = 0;



if (adc_data[1] > 675)B = 1,
if (adc_data[2] < 654) C=0;
if (adc_data[2] > 675) C = 1;

if (cnt<1){ /] Toggle a pin once per revolution for motor speed measurement
cnt-++;
PORTA |= _BV(PA2);
}

else {
cnt=0;
PORTA &= ~_BV(PA2),
b
if (A==1)&&(B ==0)&&(C==1)) { /1 Set the inverter of/p for rotor position

PORTB &= ~_BV(PBS5);
PORTB I= _BV(PB3);
PORTE |= _BV(PE3),
PORTE &= ~_BV(PEl);
PORTF &= ~_BV(PF6);
PORTA &= ~_BV(PAO);
}

if (A==1)&&(B ==0)&&(C==0)) {
PORTB &= ~_BV(PB5S);
PORTB |= _BV(PB3);
PORTE &= ~_BV(PE3);
PORTE &= ~_BV(PEl);
PORTF |= _BV(PF6);
PORTA &= ~_BV(PAO);
}

if (A==1)&&(B ==1)&&(C==0)) {
PORTB &= ~_BV(PBY);
PORTB &= ~_BV(PB3);
PORTE &= ~_BV(PE3);
PORTE |I= _BV(PE1l);
PORTF = _BV(PF6);
PORTA &= ~_BV(PAO);
}

if (A==0)&&(B ==1)&&(C==0)) {
PORTB |= _BV(PBS);
PORTB &= ~_BV(PB3);
PORTE &= ~_BV(PE3);
PORTE |= _BV(PE1);
PORTF &= ~_BV(PF6);



PORTA &= ~_BV(PAO);
}

if (A==0)&&(B ==1)&&(C==1)) {
PORTB I= _BV(PBS5);
PORTB &= ~_BV(PB3);
PORTE &= ~_BV(PE3);
PORTE &= ~_BV(PEl);
PORTF &= ~_BV(PF6);
PORTA |=_BV(PAO);
}

if ((A==0)&&(B ==0)&&(C==1)) {
PORTB &= ~_BV(PB5);
PORTB &= ~_BV(PB3);
PORTE I= _BV(PE3);
PORTE &= ~_BV(PE1),
PORTF &= ~_BV(PF6);
PORTA |= _BV(PAO);
}



Appendix V - Experimental data

1. Hall sensor oscilloscope captures

print 00

Hall sense data with UGN3503
Avg: 2.8V
Max: 3.93
Min: 1.46



print_01

Hall probe moved slightly
Avg : 2.84
Max : 4,05
Min ::1.36
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print_02

Hall + firing signal
Levels on ADC

Low level: 416 /1023
High level: 512 / 1023

New levels needed:
High level: 3.75/5V*1023 = 767
Low level :1.55/5V*1023 = 317

Low level not triggering every time . Try
High level: 760
Low level: 323



print 00

Hall sense data with UGN3503
Avg: 2.8V
Max: 3.93
Min: 1.46
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print_02

Hall + firing signal
Levels on ADC

Low level: 416 /1023
High level: 512 f 1023

New levels needed:
High level: 3.75/5V*1023 = 767
Low level :1.55/5V*1023 = 317

Low level not triggering every time : Try
High level: 760
Low level: 323



2. Performance data acquisition with Oscilloscope captures

Rundown Curves using Oscilloscope

Rundown tima 13,24
R t Hz RFM
-26.8 §] 1.31580 78.85
-26.04 0.76 1.25000 75
-25.24 1.56 1.19050 71.42
-23.9% 2.84 1.13640 65,18
-2352 3.28 1.08700 65,22
-23.08 3,72 1.04170 62.5
-22,12 4.68 1.00000 60
-21.64 516  0.96514 5781
206 62  0.82593 55.56
-19 52 7.28  0.86207 51.72
-18.32 7.88 0.43333 50
1FF2 9.08 0.78125 46.88
-17.04 9,72 0.72529 44,12
-16.44 1036  0.67568 40.54
21572 11.08  0.64103 318.46
-14 .96 1184  (.58524 35.71
-14.186 12,64 (.55556 3333
-13.28 13.52 0.49020 29.41
-12.36 14.44 0.42372 25.42
-11.28 1552 033784 20.27

Carrelation coeef
0,99660
Linear regrassion lina
357 N

Low Speed Rundown Curve
75
Fil)
B5
B0
553
50
45
a0
235
30
S
20

RPM

0 2.5 5 7.5 10 i2.5 15 17.5
Time



RPM

Rundown time
E

T

-26.8
-26.04
-25.24
-23.896
-23.572
-23.08
<2217
-21.64

-20.8
-19.57
-1B.az
-1RI2
-17.08
-16.44
-15.72
-14.86
-14.16
-13.28
-12.36
-11.78

0
0.76
1.56
2.54
3.78
-7
4,68
5.16

5.2
7.28
7.88
9.08
3.72

10.36
11.08
11.84
17,64
13,52
14.44
15.52

19.74

Hz _
1.31580
1.25000
1.19050
1.13640
1.08700
104170
1.00000
096514
0.82593
0.86207
0.53333
0./8125
0./3529
0.67568
0.64103
0.59524
0.55556

RPM

0.49020
0.42373

0.33/84

78.95
75
7143
£8.18
A5.22
62.5
a0
5751
55.56
51.72
50
46 88
44 17
40.54
38.46
35.71
33.33
2941
25.47
20.77

Low Speed Rundown Curve

g

1.5

13
Time

125

15
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Run Curve at constant Power of 33W

Runup 0
f I Time
2.7 1H 4]
s G 15 32.75
4.2 185 38,14
4.7 14,5 54.74
S 14 70.23

Runup curve @ 33W

220d &
4

h

i

i
MW NOWnE WMo -

Speed [HZ]
= mJ L

=

102 110 154 173.5 3.26  237.81 264.65
Time [s]



Rundown curves

Time w2 T RPM _
o B 170 180

469 b 17 175 171

13.38 5.1 145 153

Z24.41 4.5 220 135
35.45 3.8 260 114

48,75 3.13 320 939

£1.59 241 415 72.3
74.21 1.69 530 50.7

Rundown QO

! 75 50 75 100
Time (s)



RPM

Rundow 1

Time

325 =

a0n

275 -
2505

225

200
175 -5
150

125
100

P

a0
20

-107.4
-104.6
-101.5
-a3.39
-93 495
-91.44
-38./8
-33.97
-B80.73
-77.82
-75.37
7 B
-68.76
HE.21
-63.37
-59.96
57,01
-54.62
-52.12
-48.41
-45.95
-42.83
-38.62
-34.13
-30.39
-?B.12
-25.64
-21.89

-14.38

-10.71

- 'F“.!'df-ﬂ:?

210}

501
13.45
15.96
18.62
7343
?6.67
29 58
37.03
35.63
38.14
41.19
44.03
A7 .44
49,69
52.78
55.78
58.00
61.45

64.57

£8.78
73.27
77.01

79.28

'

85.51
93,02

96.69
99.96

81.76

Rundown 1

a0

5.32
5.26

e

51
o
4.85
4.81
4,72
455
4.39
4.17
3.88
373
3.47
3.19

2.94

2.82
Z2.67
2.51

2.29

2.16
1.99

S
)T.54

1,36
1.25
1.14
0.95
0.59
0.12
0.18

Time [s)

188
190
1492
1496
200
?06
208
pHR
220
238
240
258
268
288
31

340

354

374
398
436
A64
502
566
648
734
g0
880

63.36

102

142.8
3336

&0

BPM

319.14
315.79
312.5
306.12
300
291.24
288.46
283.02
77273
?63.16
250.02
23256
223.86
208.32
181.1
176.46
169 49
160,44
150 76
137.62
12931
11952
106.07
92 58
81.74
75
68.18
56.67
35.29
25.21
10.79

a0

1003



Speed [RPM]

350
325
300
275
250
225
200
175
150
125
100

Zj

50

25

0
10.85

time

Rundown 1 - Speed v.s. Time

20'34

speed x2  speed

10.85
20.84
29.53
39.45
48.87
57.9
67
78.5

29.53

111
8.3
6.9
56
4.5

3.39

215

0.52

39.45
Time [s]

R.PM
5,55
415
3.45
2.8
2.25
1.7

1.08

0.26

48.87

333
248
207

legd

135
101.7
64.5
1545

2/.9

67

18.5



Speed [Hz]

time speedx2  speed RPM
(3 13 0.5 118}
7.84 1G 5 300
1553 9.5 475 285
27.2 8.3 415 249
71 77 3.85 231
49.9 6.3 2.15 189
58.3 2.3 2.65 158
67.08 4.4 2.2 132
Fasli 3.64 1.82 109.2

Rundown 2 - Speed v.s, Time
400 ; T e { A\
375 -
350
325
300
275
250
225
200
175
150
125
100
75
50
28

0 7.84 1553 272 7.1 49.9 583 67.08 75.13 81.74 88.94
Time [s]



RPM

time
0
6.01
13.1

2313

28.45
34,64
42,43
47.11
52.12

56.6

61.6
66.52
71.38
76.54
81.59
Eb.75

45D e

400

350 08

300-8

250

200

150 -
100 -

50

speed

25

75
5.55
5
4.55
4.15
3.85
345
3.35
3.05
23
2.45

PRy

1.85

1.5
1.07
0.64

RPM

Tdcoel_emte
450 #DIVI!
333 5.8
300 -3.61
273 -11.9
249 -22.81
231 -27.75
207 -34.13
201 -41.98
183 -46.74
162 -51.82
147 -56.35
129 -61.4
111 -66.36
B9.7 -71.26
63.9 -76.46
381 -81.54

50
time [s]

P

daceallarake

37 86
-19.05
-56.8
-9g,24
-111.01
-124.57
-142.74
-149.58
-148.98
-145.1
-141.21
-132.71
-119.18
-97.87
-68.31

Rundown 3 - Spee v.s Time

L



powered rundown — constant current of 10A

with 10A applied

time speed x2  speed

0 9.1 4.55
6.01 8.3 4.15
10.29 FEi S 3.85
15.07 6.9 3.45
19,15 6.1 3.05
23.29 5.3 2.65
27.59 4.4 2.2
31.67 3.7 1.85
36.35 2.63 1.32
41.17 1.69 0.85
48.93 0.57 0.29

Rundown Powered @ 10A




Pawered rundawn 54 — bearing lifted

time speedx 2 speed

4] 1F B.5
6.27 15 7.5
15.68 13 6.5
22.1 11.8 5.9
27.37 11k 5.55
31.7 9.5 4.75
37.33 8 4
4263 6.1 3.05
47.48 4.3 2.15
51.96 2.67 1.34
57.08 1.04 0.52

Powered rundown @ 5A

Speed [HZz]
G"'”m'p'"."m""l?”_:@



Speed [Hz]

B
—ou

3\5-_

P
[ S & R 4

Powered @& 5A

Time
.4
105
14.23
1815
22.37
27.04

3251

Speedx 2 Speed
8.7
65
5.1
4.1
3.13
2.15
1.03

435
3.25
2.55
2.058
157
1.08
0.51

Rundown Powered @ 5A

10.5

14.23

18.15
Time [s]

22.37

27.04

g uy



Speed [Hz]

2w o

b

(o]

cChruNULwWwULRLLLOWLN

]

o

i

Rundown Powered @ GA

Time

5.64
10.13
14.11
17.95
23,78
25.05
30.15
34.09

4.75
385
3.15

2.5

1.45
0.95
0.4

420
285
231
189
150
120

87
56.7
24.24

Rundown Powered @ §A




Speed [Hz]

Voltage generated v.s. speed relationship

mV freq

B 11.1
1.7 10
6.8 B.7
6.1 1.7
5.2 63
4.2 5.1
as 346

2 2.5
12 1.2
0.3 0.55

Generation 1

=
c = N

8 77 ©8% B 52 42 35 2 12 03
Generated Voltage [mV]



speed [Hz]

mcnl—-haw.h-mmu-mm

U =
O = NW

8.8

my  speed x 2

9.2 i3
8.8 11.1

7 89
6.1 7.4
4.2 5.1
3.2 31
is 13

{ .75

Generation 2

% 6.1 4.2
Generated Voltage [mV]

3.2

il



3. Performance Data by acquisition from with AVR Microprocessor

Speed [RPM]

Speed [RPM]

with 11bit oversampling and decimation

Run Curve 1

g 50000 160000 150000
Time [ms]

Run 4 @ 14A

o 50000 100000 150000 200000 250000

Time [ms]



4, Performance Data by acquisition from with AVR Microprocessor with
12bit oversampling and decimation

4.1 Run results

Speed v.s. Time Curve 164, 3.1V

RPM
b
a

0 100000 200000 300000 400000 500000
Time[ms]

Speed v.s. Efficiency curve

Efficiency [%]
™)
g

0, R0% i :
00 2oOn o 3000 4000 B000 6R.00 7000 BO.OD 2000 100,00 11004

Speed [RPM] m



4.Rundown Results

Rundown 1

¥ axis Litle

£

a SO GO0 15000 20002 25000

Time [ms] “

Rundown 2 - Raw data: Serial communication crash

120 7
114
1040
g
Al
!
&0
50
44
ELi]
2
140

RPM

n 10000 Pl T AL 50000

Time [ms] = Ap|

Rundown 3

130
110
104
a0
a0
70
Bl
50
40
a0
20
10

RPM

i 1nooo HO B0 ACTED

Time [ms] m



Rundown 4

Speed [RPM]

n [ FLo ] Lkl Ll i) SIKNED La1iKm e 1] ELL-- URET] LU
Time
Rundown 5

Speed [RPM]
=
L]

Time [ms]
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Analog to Digital converter calibration

nmeter Ramn I ADC 1 RRmeter ran k') ADC V
1 0,2 46.1 2 0.0000 0
i 0.39 1024 2 0.0750 T
1 0.61 179.5 2 0.1154 3.85
3 0.8 243 2 0.1394 6.5
1 1 301 2 0.177¢ 9.9
3 2 A74 2 0,3780 3z
3 = 674 2 0.3780 32
10 3 1155 . 0.6280 59.4
10 4 1491 2 0.7840 785
10 5 1835 2 0.9680 g9
10 6 2105 2 1.0970 113
10 7 2447 2 1.2730 133.4
10 8 2780 2 1.4500 153.4
30 15 3625 2 1.9580 214
30 20 4970 10 2.6300 405

ADC values v.s, Ammeter over all ranges

SO0 - N
4500
3000 -
3500
34000
2500
2000
1500
1000 -
500 -

o 2.5 5 75 10 12.4 14 174 20

ADC value

ADC value v.s.Volimeter Reading
a0 -
350
ED R
250 -
200
150 =4
100
50

oo - W :
' " *
PAVEEE 0.5000 1.04004 1.5000 20009 25000 ERSLIIER



ADC Value

ADC valua

ADC value

ADC values v.s. Ammeter R_-e,adipqg,

1535 16 6.3 17 Lrs 15 185

10A scale




ADC value

ADC values v.s. Ammeter Current, 1A & 30A ranges

o 25 i 7.5 1 125




Appendix V| — ATMEL application note AVR121 : Enhancing ADC resolution by
oversampling

AVR121: Enhancing ADC resolution by ‘ E

oversamgling

2bit AVR
Feshwes Microconirollers

¢ e wwre oS macigion iy cewmmgiag
' drewgng wd ¥
¢ M redecras by srarage g eeo us

Applicaben HNote
1 trdroduchion

armaks ayk contriier =Fers soanalep b Sgmal Comeetiar s 1051 smeniian
im mnoss cases L-ba resslvean o anficent, aut b some 2aees Higher yooarag e
desved. Special slprad praceamng bechoigues cam be aed B stwee e
resilubes of the messurement By ustig & methed caled Ovessiatomep sed
Jecimaea’ hagher seasiutios might he schteret, mthant neng 2w ecmaial 25T
This Asplcstion So= sxplains the method, and mrch candide<s sead ra 2
tulled ts make this method ok progesy.

Frore -1 Tnhanchy B osokBea,

" 'y -

Vaw BRI s AR0E




AVR121: Enhancing ADC resolution by
oversampling

8-bit AVR

Features Microcontrollers

o lrwredslon the reschgion by oversamalding

» Awerangiod) arl doc bnation =

* Noise revuction by sveraying samples Application Note

1 inbroducton

Amrret's AVE cortralier offers ar Analng Lo Dintal Corseiter with 10-08 resoiution.
nmest casea 10-bit resolding is sufficent, Bl in sorme cases bigher avaratye:
clesredt Speuial sl procesdng echriques con o8 oged o mprove e
respiution of the rmeasuemet By using 6 method called 'Chersamoding, a-<
Cedmatdon’ hgher Fesoludon might be achirwvan, Wit usng an edarmsl A
Tris Application Mote esxplains the crethcg, ard which comdbions fead 1o oe
fudfited to make 1his rrelbad work propery,

Figure 1-1 Erharuing trs ressuion.
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2 Theory of operation

2.1 Sampiing freguancy

2 AVRI121

EBoforo reading B rest of this Ap@icatico MNete, the mader s encowaged 10 read
appllcator: Mae AVR1IZEN - ‘Callpraion of the ADCY, ane e ADS sactign inthe AWR
clatashest. Tra fdowing exanmples end numbers dre calculated for Single Ended
rEtina Froe Burning Mode. AN Moise 5 edicion Mode is not wsed. Ths method
5 A.ss valid In the Other mrodes, houoh 2 Nofrbers By e [Sloaing edanyes o be
Ciiferamt.

The alCs refarence voltage ang fhe 400s resoution define the ADC step slze. The
AN refororcn woltage, Ve, may be selocted B AVCC, an icternal 2.5V 4 LIV
reforance, of 4 reference wiltage at the AREF gin & loeer Vg rovadkes & migher
woltage preclsion bl mindmizas e dvnamnc rance of e ineus sigral, If the 2538y
Ve 5 sBRCERD, s will give the weer ) NV accimany o0 the Corersicn resut, and
e Hglhest ik wailage Hat iy rreasired i 2 56, Altemiatveiy ore cocld corsider
Lising tha ADC inpult charnzis with gain stage, This wilf give e user the posoigilty of
Measuring an endlog signa b belter woilage precisicn, atibe esperse ofte A0S
chramsc rasge. B R is nal acceptable o frade dvratrlc wange foe teres wiltaoe
ressludon, ofe COoLEd Chcoee i0 rade ovmrsamaling of the slgoal or moroeed
resduion, Ths mEthod is roeeser bmited by the charmcteistic of Bwe 800 king
oersareairg and dedrmation wil ordy fower the ADC s cusrbZstion emor, it Joes mot
cormRencate o the ADCE integral condire anty,

The Mhyiopst hecrem states that a Sigod must Be sameled et isast nwice a5 fast as
the Larchkdch of e signal e acourately reconstruel e wawefomy athemwise, Lhe
Hgh freclersy contant ' &fas at q freguency inside the spedmum of Iriaress
Teamsoand], The ardenuen recuirsd sarpling Feauency, insccordance to the Mygiist
Theoram isma dym st Frequency.

Equation 2-1 T Myt Fraquency
H“..Fi.u > & \ﬁmm___a_

"Wiers Foms 15 108 Hghest freoueroy of interest 0 e Irput signg, Sampling
Frouencizs above f.uar are calizd ‘owersamplng. This sampling  eguency,
Roveapsser, 1= just & theoratical abeciile minkmomt sampling feciency, 0 precioe the
Lgar ustiatly wishes the highest possdiple sampling feguency, b gve tho best
prrzsile represenafion of the measurad sighal, 0 time dopnaln, Ore coutd say that i
Irzst casos fhe input signsbis alieady cversarmpled,

Tra zarplling fFecueency s a resul of preccaling te TPL ciock; a iowver prescating
factor cives 4 Fooher A00 Ciock Fadpercy. AT A cermaln pont @ Righer ADC clock will
dacrassa he sonrzcy of the carversion as the E fedive Numiber Of Birs, EMNCB, will
decregee. Al ADCSE nas bandesidth Brritations, AVRz ADC 5 0o excenton. Aocorsing
o the datashes:, to got a 10 Sty restigon on e coméersion readt, te Al clod
frecuency shoudid oe Sz — 200kH7. Wher Bhe DU dock is 200k, the sampding
frorpiency s =15REFS, wich confines the Gopai freguency in he samgied sighal ta
~F.5kHz Acrorckng to de datasheel, Bw ADC clock can be driven on fredoencles up
o Iz, though s v o the EMNOE.

BEA-A ] 0505



3 Theory

AVR121

3.1 Cwvarsampling and declmation

3.2 Hoise

The dhecry beberd “Owersampling ard caclraton’ s rater compes, but using e
rmethod is Yarty easy. The technigue recueres A algher amcirs of Sanmles. — Pese
exira camos tan b achioved by oversarmeding the sigral. For each addtinons bir of
resolutor, n, tha signal mast oe overssrmpied four gmes. “Whech Terpenoy to sannpte
I dpged, sigral wilhy, is Fyernsoy Equation 3-2 To get ihe et goscBie reprecartalion
of 4 anaton Nput sgral, iTs necessany B3 ovirsanple the sigied tHs . because
A iamer ameunt, of sampdas Wil glve & Detar repragental o of the [rpd sigral, whien
averaned THs is o e considared as the rain nagreddiert oF ks Apolicatcn Mete,
arlwvail be fatrer espiaired oy Hoe foliowing theory ard exarmgies.

Equation F1L Cwver=ampling regquency

Jﬁwmnﬁuw = "‘En * f;wi_.;

Tomaee the rethoc wirk pronery, the sonal-cormponent o irferast shaould net vary
ANrg 8 CorwerEon. Eoeaser arciher difcra Fir & seccesshll crnancarnen: of The
resulion |s el e hpld el nas o owary wher sameled Thes osay ool ke s
corgadiction, oulin ohis case varalicn medns st 8 faw LGS0, The varlation shoud be
SERT 26 e noise-comporent of Ts signal. Whan oversarmpilng 2 2 gnal, there srouid
b rolsa presert tn sansfy this demased of omall sanstorns o oie smpal The
quatitzanon aror of e AQRC @5 at least 05058, Tharefore, tha rolse amplinde has
e axceed 0.5 L858 B boggle e LES. Nose anplibide of 1-2 LSE is eweny Dettor
b vause Tys ndl mrsi s el sevaral sarmpdes da roh end up Jeling the same wiils,
Coiteras for roise, wher Lsng the dadmason technicog e

+ The sigra-comperace ofimerest shodd rast vang sSglicerly owing & corverson.
v Thern shouc be sorme nojse presert in tho sioral.

+ The armolitide oftna nioize snould oo atleast 1 58,

[+ omraliy there will oo some noise presert dsing 4 corwersion, The ooize can bo
termmat reisr, motce o the OP) core, swatchrng of wl-paoess, wadations in the
Dmaer SUpRsy ard Clisers This seass wdll sn st casac e arough 10 orrake il
rretad work 1P speciic cdses By, 6 syohe be rzoessary o aikd some a0l
noise I e ek sigrel, THS memed 15 referesg o 8% Dinerlng. Flouae 31 {a)
showes e peolierm of measuiryg a slgnal wis a weiags value et s bebaser ban
CLafizado stere, dvelag ni falr sammes widd nok beip, firce the sare (s weile
walld e the rasull, IF may only hielp o aseruahe signal ALsnedon Figare 3 LB
shams hat Iy ocking Sonse aridcial rose o e gl skgoal, e L52 of the
sofrAassior resul vl moge. Addirg ol of tese sercpios halves the cuartzationr
ata o, [odcineg resudts that givies betler represergatons of e inpld valle, 38 shean
nlotaee 3-1hck The ADCs Witual resolut’'er’ nas incraoased Fon 10 1o 1180 This
Tettodis vetereed to g Uecimiation and wl| be esaired s In secdon 2-3,

_m 3

00 30-AVH -DSHE




Flgure 31 Incrazsng the veschudan foee 10-t o 11k

Dbl vae 1
|

Tl

Bl

FLY—

duboorvakla ~

= |h ro

[ o

m—

dpr vakon o

wr

L

Ancther reascn o lEe Mis mathad = o norease the Signal ko Moise Sabo.
Frimanchyg de Efecive Mober T Sits, ERNOH, will soread the noies o 5 Fastsr
ks iary marmar, The mbises miuenoe on esch Binary didt will Jecreass. Doining e
SANDInG fraguensy will lover U rboand acise Dy 308, and increase e resch oo
o Hhe messlernant by oS nifs.

AVR121
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3.3 Averaging

A BN AR LALG

T2 corwarslarat meaning of averacing 15 addng m sanpies, and dvicing e ressn
b v, Retaraed 10 a8 nomal averacing. Averagng data from an ADC mmeasuroment
I§ soudvalent oA low-pass flver and has the adwsrtage of aifsrusting signal
fliuczsation o noise, and flaten ouf peaks i e tnput signat  The Modwng Average
rmethed is very ofen used o 0o M5 0 reans taking m readings, place themin &
oydlic auele and averags the most recent m This wid give 8 sight tme delay,
bmcauce sach sample ic a reprpsartaton of the last m samples, This can be cone
wWin oF withof muerlapping  windows, Figure 320 showvs sy DA-A0T),
Inclanenderty Modng Auerags resdl withiouk veriagsing,

Figuere 32, fcndrg Average pdncloie

e

oo |
|
x|
:
$ |
:

__!
7

H

H

peb b

i 5 i
a1 A s Ah A AvE AT
It 15 Inpomant to rerrercber that ncrmal Sveraging coss rof (nereage e recoiubon of
e comversion. Dechmabion, of epciation, i the aweraging mrethod. wiich
cormbined vl CVRISATEING, which increases the resolilion. Cigtal =grdi procassing
Hiat cnevsanmnpies and Iowpacs-filtters a =ignal is often referred I8 4 inerpolaten. b
s sense, Istormotation IS Used bo procioce Pew samples 85 & resull of ‘averacing 4
larzer ammount of samples, The Hober fra morvicer of samples aeeraged is, B popva
selective e [ow-pass filter will be, and the Delfer the ociapoisdon, The auvs
eTpies, M Achieved by oversarmping Te sonal are added just as in normal
erverzcing, bnf dwe resudt are rot chided by moas in noomal averagicd, etaadg the
regnlit 16 Aok sk tad by 0, whers n s e desired exrs it OF resolution, I scale the
amswer comecly. Right shifing & birtary rumber orce 1S ecpsl o dddrg the Bnany
rimrbetr by a facior of 2. Ag sean froem Squation 3-1, fncreasing e resoluion Fam
1bits o 12-bits requires the woecmafion of 16 10401 valees. A sam of 1 10-bi
WEIES generates a 1--mn residt where tha last two bils are net expedsd o hold
walupbie informmaicn. To get 'back’ Do 13-biC i is meceRshry 1o Scale the result. The
scale factor, sF ghven oy Toetion 32, = the faoor, which the som of & sanples
shourd e dhdded by, to scels the rosut oropery. mis e desrad rumioer of esms Bt

Equation F2.
s -2



3.4 When will "‘Oversampling and Decimation” work?

]

AVR121

MHomalky @ sognal cordsine s0re noise, iz nose very offen has Fe characiersnc of
[GaLESan noiss, more cormcry kmcar as White noise oF | bermal noise, ecogzed
[ e wide froguency spoctmam srd trat Bhe botal crergy ic cquaty diviced over twe
ertire Fequenoy renge. In Hese coues e resthod of "Oyversaisphiong ano dsdmesion
wilt wiks, f the armlhrle of the noise is sufficlert o woge the LSE of e ADC
COOWErSITe.

Im otier Cazes it rrighd be reccssany to acd antificial Soise shognal to the nplt <lonal,
Fis matho e relemad o as Ditrerdcg, The wesafonm aof this roisd sholdd be
Gaussdr s, Dol 3 peripcioat wavs oo wall siso weart Whal iremoeresy Fs rse
signdl shoudd have depends oho e sampling reouenoy 4 nde of turk s
“hhen adaind m sarrples, the nolse domals perod shoutd o exneed the serod oim
eacpiss”. Tha amplicide of e noise shodd bBe st least 1 LSE
Whan adding arkifce rdse tooa =gnal, s irnpartary [ remerier Brat noise bas
rean walue of zerop insaffizisnt owersorvpding trarslfoe mey calee an offEs as
shaanr Figae 3-4.

Figeae 33 Cffset cavesd b meuflcient samplirg.
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Trhe sigpled Fne hustites e aveseged waiue of e Sawinot sighel. Floure 23 [8)
il couse o negathve offser Tiguere 3-3 (h)wsl rause a posfive ofset. in Fioure 3 3
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3.5 Example 1

) the sarrplingis sufficiert, and offset is swnided. To create an arifical ~oe=e sigpal,
ure of Te AVRS colrders can e weed. SinNce the counter and the AT usa e suse
rioclk sourge, s ghves the posstity of sychmrizing e nolse and the sarpileg
freduercles to svoid ofset.

A Bress Master 0 Tuookn werts o oreaeure the tenperanme of a prosess 0 Hs
brewven:. A dow wvardng signdl represerts tha bemparatore medsurement, and the
qominagl woltage i s BErvircamertal temperatare is B30 Fiqure 24 shows tha
characterissic of the termparatre-rreasuning devics,

Figure 34 “Yotage [ Temperatid e functon
Voltage s
vl

»

Bt Temparatare
e

The Brawe Master dosonTwart [ miniize the drarnis range of 2 Irpat donal andd
chooses a SY orefererce wovtaga for 22 £2D0C. |9 RS case a 10-bit ADC camoce
provida & corwersion resuet accurate enough, since e mesuits LS8 represerts a
~Focy 'shep’. THIS 5 unaccepile wirce s vall ohve & et thal may e Lp
0,25%C o, Tne Brewe Master desires fhe reoidt to hawve UL acourany. sahich
Gemards § woitage resciudco helmy e, 1T the messurement was represersged by 4
12 tis ADC, the writage ‘sten’ represerting LS E win decrease to ~1.22ml. Whac
e Brews Macter reeds @ 2o is o rassfonn the 2063 ADC to a-drual 12-6HE 500,
The jrole sigpnal s wandng wery stowdyt a very Tron sarngling fieduenoy {8 tharaione
ol recidred. accoedlng o the damsshzet, the ADC clorke freguesoy snoudd be
oetween S0Hz ard 2000Hz to enoae 10-bit effective resowion. The Braw Mastar
terefine chooses g Sikz AD0D cingi: fFacuenay, Then fhe sanmbkng fracenoy
Eeoorres ~3830 505 AT one acitt the DO walug that reprecert ts terperabung
raamEamery s 2 4729, Tahle 3-1 shows e differert resoluion cobion s rreasueing
“hiz waue when Vin =2.4729% and VREF =5V,

—_ i ;
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AVRI21

Takte 31 Basiron options

waltage | Owversa | Right Ickeal Mhk=al  voltaye | Maximua

Resolution | resokdion | el ghilied | decinubisd [ represestation | Bosndwidth
reaedl

b = o | kA A Fid 2 M B,y
iber BT T T s 1% 1012 2 ATITY ~Asmer T
1zl Al iEm | bEK i L 4719y a7z
13l ~EI0 WY EEX ™ 4951 24TIEY —1lE 't
L4 it A oy | 25EX s 17 24728V -25Hz ™"
15 it BN LR (P A SEICE 34738 oz
4ot 5 ¢ |4eee |ex 52433 2.47250 sz

wumen: Do A0 CRaCK =202

The result of 4 cinde corwersion s 305, wh b at st glanea reay s2em oomect Bt
[P Exrsey porher also cinrespords o for instsnoe 22853, This ioakies e duer
Lreetain 2o caless arrons in e tormperature srEasursimEnD N ceiair cases thie
A% e orbcel. Ay cancuded before; g slonal nomrally incloides erowgn noles 1o
make e dedlrmation meathd feaskhle

T increass the resolubon by one DL Tour s8mices fioes e same neighnorhoad ars
aclried. Thaoe car-ples nave walues that cifer from gacn otmer 7y & fawe | 37, becaues
af i roise, These folr sarples are soded: 508 4+ 507 4 505 ¢ 505 = 2025,
Ancondreg to the decl-raticn prindigle tha erswer pow reed 0 be soaled bagk fo -
Irt. it ripeds 0 ks oot shited r Emes, shere 0 s e desled xra meminer of ks
| e ra=idl |5 1012, &Fer noeadctng the rencdudion, it suddersy 15 pozsiole bo adieve
campiEs botsach the odonal quashizaton sleps, SHE e @ioral 15 oversamped
gnouch m incresasa the resciuton Lithe, o 12 bk Ackdng 19 10-ak camples and
pigh-slitrg e reeul 2 tes wlib do this Tre reowt s 2025 Ths nurrker @ mors
rafiable, sirca the orror margin is rechacad o -L22mh udng 8 12 e resur Thie
swdrnie dunes (P e Lsar winn started off with 2 siow wandng Sgnal, semmpied F800
tmes per second, with 8 wolkege acourasy of B, moee has 290 samplas mer
secon vl a 1340 rengution, and awitage scourany of L2z

The crar mins o8l ware to even o signal Sucasmtions by averagng 15 13-l
sarrpies, e corhertlong way. This Is done by addng 1S sarples and oviding the
reslet By 16, A the end the sser has 15 525 conadsting of 15 oweragad 1241
adfacont cermpies, f1he 18« 16 =3340)

o Pgimnal gveraging wlil erinirrize e ConSEpUETCESs of 4R NS,

o "Oversamaling and ceomaton’ wilk LElige the noise 1o 2abhance the respluton

BTEAA AR - D3ATS



3.6 Example 2

AVR121

To shaee the efficlancy of this methed, the fobowng exanrpla wili shoey hat il s not
rECEEEany 10 wse ar adtemsl A0 o get Mgher accuracy, & sigral gamesrator is used
T prodice a inear ranp sgnal from OV B B0 B Clow ioegs erdnanment, Wb &
signal gemerator and an AvP congoller plugoed irgn an 5 THS0D board, there rray not
be snough rofse D toggle the last few pits of the 10-Gt =ignal. it is therefore
recessany 0 add artificial roise’ 1o e inpul signa, [ rmake e L5E toggle. Four
rmetirds wer e used succassRlg

o Ackling resse, seneratad by a slgral generator, direcly totha inpul sional,

» Ganerating roize with the AVE, using F4Om, and adding it to the input signal.
«  Adding reise, garerated by the AVH 10 AREF when using AVCC as WREF

s Adding roige, gererated I the &vH, 1o AREF whar using AMAEF as WVRBEF

Thie easisel iy o dither & shgral (5 0 add white roise diredhy o the signal, kexin
miost casas the User doas pot b, oF does rgt et o b, B85 Wi of noss signsl
in e measing emdrarmerss. A moe avaliabde method is e sel L one o e
coLrarT oy the AVE o prodice a PWS ognal and mhen law pass filier this noise’ t©
appear a5 a [ wikh a rigole peak-to-peak value of a 2w LSEB, An exarmple of sudh a
fither's cetails and comparart vallies are shawn I Flgure3-5,

Figure 35, i #-lles

ves “\
2200
lI ® AREF
4: =1om u.i3aF
i oy
L e
L !
- _| I_-_- T AR aunter
Olar =f 1360

IFWCE =2, the filtarad sfigral af the AREF pim appears a5 2,54 when the courtars
oby-cycle is N, ardd as 3 when e courter's duby-opcle s 100%%, Inthis axanpe
e ooy oucla of the Pyl -slgnas is 50%, ard the oese frequendy is ~S%00H2. The
1ok poterGonneter |5 used o adjust s nipole. The FAUWK- Fonal is used eiter as
e refererce vl o the 4000 at AREF, 0F 4% 8 malse gasardior oonneoies o e
AHEF pin, wih AWCT setas Al rafererce wiiage, The Idea IS that srvall watatons
in the raference woltage Wil gwe ithe same effedt ag smail varators in the nput
siored, without dishuilng the Irmlg sigral,

hWea=irg 4 linear rann =ignal as shownin Figae 3-8, ghaes tw four craphs as
o in Fige 37, Figure 3-8, Figure 3-3 ardd Figue 3-10. Figure 3-7 shows a 10-
At dgr) ere reprocertabon o e inpld rama Sonal, measured witout atifics nalge

—m g

BEARA 'R D5M5



1t

adred The cuarsizadion soes are veny narecd To increase the resclesion, the
quardration sheps meed f e red cad.

Fioure 3-8 shiowa a 12-bit discrete reoreserdation of B nod gl wien ARER i
Fie A0C rafeierce woltage, and AREF s added 8 few L5 noisze. dcoording m
Eruztion 2-1 sach 1240 medt coneas of 15 100 serapire. Tha nfeer wes
afflustad for Foe ADC, and in accordance with Applicaticn Mote A= 120, e gain-
amar alss neaded adivesyert Figue 39 shows a 19t discrete repyesertabion of
the imald slgral and Froure 3 L0 shoves the 16-bi discrete represertatian of the smout
ggnat, Winer measunng 3 sions| cortainmp notse, o ater e refersnce Wuilage is
yaming fike e e exareple i 3 rmoortant o remereer at e fon ang Dottom
wiiLes are decraased by e same wale at the arglinida of e nolza slgral, dgving &
ghght redhacion incthe dynamic range of the moasred signal. Inthis critain case, as
A safeny marnggn, e offsetvas adustad for 1000

Flgura 36, Farn Signa, 4 5, 120% syndronous,

Aaryr Slognal, 07, 100% synchronous ‘
i
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Flgure 37, Ramp Slonel reomdiced with 10-Bt rescluton

10t resoleet on

B U
¥ oo H

¥
[

o L
i

Ot vl [W]
=4 in
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a0
T4 o
247

Jerpmt welzies 4

Figarm 3-8 R amp = gral reproducec wtn 2240 resoluon

gt waluge ]




Figua 3-8 Ramrp Signal reproduced switih 14-0it resol gon

Lt resndution

Z56
Z55
204

Z 253 &

2,52

= 75118

2,49
2,08 1+

247 ¥
Tt wallae Tv]

Figtare 3-10. farmp Sonal reprocucsd with 16T resoluticn

1ewb it recrbdion

Input v aue ]

One can sasly ses that by Leing the Gwarsarmlag erd dedmation metod, € s
possible o increase resoluien sigreficasty.

AVR121
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Summary

Whan the ADC Sarries a signad, i quantzes dhe aignal i discrete Seps. This
irorflres some anar, ofien referac [0 a5 SLantization ermoe. Mormal averagiog wal
oy eve ouE sonal fuctdstons, while Grarrat o will increase de escition in s 4
Brraswai Tarened shoaal, Tl acdacert 0ats noirts s averagedk o ohoarn a ricwy
dara poirt Which frequency to owersampee the sioral with, can be catcudated oy
aquadon 3-1. Lddog hese g =armples and rlght-styting the regulf Dy a facor 1
viglds g v=aull Wi rasolafon increased oy nblts, Averacging ol ADC resulis fp get a
mew AN jesult iz e some as e 200 samplad £t Y of the rate, buf aicd has e
effect of gveragng He Quardzation nolge, which Imrprmees BRAL THS Wil incraass fae
LoD gnd repece T2 ooarflzatinn aRme A0 the avaltabiliog of frstee ADC S ard with
| P ooy Cost, bre aovartages of wersarmpling sre cost etects: ard Cesiratle

o Some noise has bo be present in e slonel, atleast 1 L3E.
¢ Fthe noise amEditede i= o selfcent, agd noise o (e sigrl

s Acogmgdate 2 10-BE zames, where 1 s e desiced exdra ourrber of pits o the
s Ao

« Scabe e acogribarad rasit, y Agt shiting in fhre s,
o Corrpersate for errors, accordina o Apelcabon NMebe AVR1Z0
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Appendix VIl - Detail design drawing

Assembly Exploded

Isometric View - Flywheel



Flywheel - Side view

Flywhee| - Plan view



Flywheel Assembly drawing
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Flywheel modified drawing to accommodate machine and bearing components

Flywheel profile for mould manufacture





